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ABSTRACT 
Two approaches to the development of a stereospecific metal-ion 
promoted synthesis of the penicillin nucleus on a Co(III)tetraamine 
centre are examined, in Sections I and II respectively, in this thesis. 
Section I outlines various approaches to the synthesis of an 
(N, 0)-bound Co(III)tetraamine complex containing an uncoordinated -SH 
moiety. Attempts to prepare such a complex commencing with [Co(NH3)s 
(2 ,2 -dimethylacrylato)] (Cl04)2.H20 were not successful, however the 
A and 6(N, O) [Co(en)2((R)cysSH)] 2+ complexes were synthesized indirectly 
from the corresponding (N, S)[Co(en)2((R)cysS)] 2+ complexes, via the 
synthesis of A and 6 isomers of a novel quadridentate chelated (N, O) 
[Co(en)(sulphenamide)] 2+ complex, which is reduced to the (N, 0)-bound 
thiol using an Sn 2+/HC1 system. The mutarotation of the A and 6(N, O) 
[Co(en)(sulphenamide)] 2+ complexes is of interest , implicating rapid 
inversion at Co(III), and the rate of mutarotation in various buffer 
bases has been measured spectrophotometrically . The mutarotation is 
an SN1CB process, independent of buffer base concentration, with a rate 
law of the form 
v = ki[Co(en)(sulphenamide)][OH-] 
The second order rate constant is k . (t ris/HCl) = 3 . 3xl0 3 M- 1s- 1 at 25°C, 
l 
µ = l.OM. The equilibrium ratio of A:6(N, O)[Co(en)(sulphenamide)] 2+ 
in H20 is pH dependent, 80:20 below pH 9 and 90:10 above this pH. 
The pKa of the sulphenamide nitrogen in both isomers of the complex 
is ~9 .1. 
The (N, O)[Co(en) 2((R)cysSH)] 2+ complexes can dimerise to form 
disulphide complexes, and react with a l dehydes and ketones to form 
dimeric-S-C(RR ' )-S- complexes . The (N, O)[Co(en)2((R)thiazolidine-4-
xiii 
C02)] 2+ and p(N, O) [Co(tren)((R)thiazolidine-4-C0 2)) 2+ complexes were 
synthesized for comparative purposes . 
Section II indica tes the methods used to try and synthesize a 
comp l ex of the type [Co( )4(00CC(H)CR(O) ll2)]n+ and outlines the 
successfu l synthesis of such a complex as a hydrated aldehyde species, 
via a Vi lsmeier-llaack formylation procedure fol lowed by acid hydrolysis . 
The intermediate complex isolated from this reaction, p[Co(tren) 
(3 -di methylami no- 2- ami noacrylylchloride))(ZnC1 4)Cl .1 120 has been 
characterized chemically, spectroscopically and by X-ray crystallographic 
a nalysis . The [Co(tren)(dihydroxymethylglycinatol)ZnCl4 . 2H20 can be 
reduced with BIi~, providing a facile synthesis of the (N, 0)-hound 
serinato complex, and reacts with alcohols in acid conditions to yield 
stab l e hemiacetal complexes. An X-ray crystallographic analysis of 
this complex has been carried out to confirm the hydrated formulation . 
Tl1e complex also reacts with (S)penicillamine t o give an isomeric 
mixture of (N, 0) - bound penicilloic acid complexes and the least 
soluble of t hese isomers has been crys a lli zed as a mixed nitrate 
perch lorate salt . This complex can be deprotonated at the carboxylic 
acid group on C(3) of the thiazolidine ring, and the monoperchlorate 
complex has been crystallized. It has been characterized chemically, 
spectroscopically and by an X-ray crystallographic structure 
determination, and shown to adop t the configuration (R, S, S) at C(3) , 
C(S) and C(6) respectively . This contrasts with the corresponding 
comp l ex prepared from the B-lactam ring-opened form of natural 
6-aminopenicillanic acid, which has the configuration (R, R, S) at 
th ese three carbon atoms . 
l 
CHAPTER 1. AN INTRODUCTION TO THE CHEMISTRY OF PENICILLIN 
This thesis outlines a novel approach to the synthesis of the 
penicillin nucleus in a stereospecific fashion. When this 
investigation commenced in 1976, a stereospecific total synthesis of 
penicillin did not exist, and the process by which the various 
diastereoisomers were recovered and resolved from the classic Sheehan 
h . 66 d . d synt esis was complex an involve . The use of a Co(III) tetraamine 
centre to protect functional groups of organic molecules while 
carrying out template synthesis on another part of the molecule 
represents a significant advance over previous organic methods in 
many cases and advantage was taken of this fact in this work . The 
Co(III) tetraamine centre can also be rendered chiral by the use of 
bidentate amines such as ethylenediamine, and it was hoped that some 
stereochemical induction in the synthesis due to the chiral cobalt 
centre might result . 
This introduction presents a brief history of the development of 
penicillin antibiotics and an outline of previous synthetic attempts 
leading up to the successful stereospecific synthesis developed by 
Baldwin et ai. during 1976. 81 The relationship between this synthesis 
and the biosynthetic pathway by which it is believed penicillin is 
synthesized microbiologically is presented . There follows a brief outline 
of the aims of this investigation in greater detail. 
1 . 1 THE HISTORY 
Penicillin, the world's first antibiotic, was discovered by 
d 
. 1 . Alexan er Fleming in 1929. Although he was unable to isolate or 
purify the relatively unstable antibacterial agent present in 
fermentation broths of Penicillium notatum, he established its 
2 
. 2 3 inhibitory effect against a wide variety of gram-positive bacteria. ' 
Progr ess over t he next decade was slow . 1n1il e it was shown that 
penicillin could be produced in syn hetic media and th at it 
could be readily deactivated by primary alcohols, organic bases, 
4 , 5 
dialysis an<l charcoal , the chemical nature of the active ingredient 
i n Fleming ' s cultures r emained a mystery . 
6 In 1940, Chain, Florey et al. ("The Oxford Team"), using the 
relatively new technique of lyoph ilization (freeze drying), isolated 
penicillin in a solid, though inhomogeneous form from Fleming ' s 
7 
cultures . In the same year, Abraham and Chain described the 
preparation from B. coli of an enzyme they named penicillinase which 
inactivated penicillin . In late 1940 and 1941 penicillin extracts 
were first used to fight bacterial infections in humans with 
. 16 
outstandi ng success in both Britain and America . It was at this 
time, i n the early stages of the Second World Ivar, that a joint 
collaborative effort amongst government and private research 
institutions in America an<l Britain was carried out to elucida e 
the struc ture of penicillin, and then to look for a method to synthesize 
it in the laboratory . The result s of thi s enormous joint effort were 
8 published in a monograph in 1947, and relevant aspects of this work 
are discussed in Sections 1 . 2 . 1 and 5 . 1. 
It was realised as ear l y as 1943 that there was more than one 
naturally occurring penicillin, although all were closely related 
(a ll yielding (S)penici l l amine [1 . 1.1] as a common <legra<lation product) . 
CH3-_C -- ~---- H [1.1.1) 
- .. 
Thus it was established that the penicillins produced in Britain 
were primarily F and K, while in America penicillin G was the 
principal product . At this time it was demonstrated that minor 
variations in the penicillin structure had marked effects on i ts 
9 
antibacterial potency and other physiological properties 
(e .g . penicillin K was markedly serum bound relative to penicillin 
The war effort finally established the basic structure of 
penicillin to be a fused B-lactam thiazolidine structure with 
different functional groups in the 6-position [1.1 . 2) . 
0 H H 
11 H j1= = S~CH 3 
R- C - 6 ~ 1 2 11 , 11CH 3 
7 4 3 
,f" N ' I I ll (OOH 
0 H 
[1.1. 2) 
The names and structures of some representative naturally 
occurring penicillins are shown in Table 1.1.1 . 
The development of penicillin chemistry in the U.S.A. and in 
Britain diverged markedly in the post-war years: in Britain, the 
orientation was more towards developing a synthesis and further 
unders t anding of the chemical properties of penicillins, while in 
3 
the U.S .A. research efforts ,ere directed more towards the development 
of new, more potent, higher yielding strains of the PeniciUi wn 
Table 1. 1. 1 
Common ames and Structures of Some Naturally Occurring Penicillins 
R Name Penicillin 
CGHs--CH2- Benzyl G 
CGHs-OCH2- Phenoxymethyl V 
CH 3CH2CH=CHCH2- 2-Pentenyl F 
CH 3 ( CH 2 ) 3 CH r n-Amyl Dihydro F 
NH2C (Cl 12) 2CH2- Aminoadipyl N 
COOi! 
Cf-13 (CH2) sCH2- n-Heptyl K 
H~H2- p-Hydroxybenzyl X 
4 
mou l ds and new techniques for harvesting and purifying the penicillins. 
The principal advances made in this area, in th e post-war years and 
into the 1950's, were made by a group at the National Regional 
Laboratories in Peoria, Illinois, headed by Moyer and CoghilI. 11 - 14 
They succeeded in developing improved media fo r culture growth, and 
the submerged flask technique whereby moulds we r e cultured under a 
nutrient broth (to this point moulds had only been cultured on the 
surface with resultant poor yields). They also found that the 
relative quantities of various penicillins produced duri ng fermentation 
depended on the t ype of media employed: supplementing the growth media 
with phenylacetic acid, for example, result ed in greatly increased 
yields of penicillin G. The work done at this time in the U.S.A. ·was 
principally respons ib le for reducing the price of penicillin from $20 
per 100,000 unit s of crude material in 1943 to 65¢ for 5,000 ,000 units 
of penicillin Gin 196 5. 15 Indeed, i n its very early stages of 
development (1940-1942), penicillin was extracted from patien t s ' 
. f 16 
urine or r e-use . Coghill attributes the now amazing ready 
availability of th e drug directl y to the crisis of World War Two, and 
maintains that wi thout the wartime 85% excess profits tax, penici llin 
17 
would not be in use t oday. 
Two major developments in t he chemistry of penicillin occurred 
during the 1950 ' s . In 1948 , Sheehan at the 1assachusetts Institute of 
Technology commenced a project with the aim of synthesizing a natural 
penicillin, and finally met with success t en years l ater with the first 
total synthesis of naturally-occurring Penicil l in V. 66 This work is 
di scussed in de t ai l i n Section 1 . 2 . 2 . In 1953, Kato 18 ' 19 observed a 
discrepancy between chemical and bio l ogica l assays of penicil l in , noting 
that values obtained by iodimetric assay of penicil l inase-treated 
broth filtrates were a lot higher than those obtained by similar 
5 
assays for chemically extracted penicillin. Since this discrepancy 
only occurred if phenylacetic acid was omitted from the media, Kato 
reasoned that a portion of the penicillinase substrate present in the 
original filtrate was the "penicillin nucleus". It was postulated 
that this compound was identical with "penicin",a compound proposed 
three years earlier by Sabaguchi and Murao . 20 It was not unt i l 
1959 t hat Ba tch e l or et al , 2 1 repea t ing Ka t e ' s origina l work , 
were able to isolate "penicin" from precursor-starved broths of 
Penici l liurn ch~ysogenurn . They established the structure [1.1.3] and 
named it 6-aminopenicillanic acid (6-APA): 
(1.1.3] 
They were able to show that react i on of 6-APA with phenylacetyl 
chloride and phenoxyacetyl chloride yielded penicillin G and 
penicillin V respectively, and this opened the way for the development 
of a wide range of new "semi-synthetic" penicillins. 
To appreciate the importance of this development, the situation 
at the end of the war must be reviewed . The principal penicillin us ed 
in treatment of bacterial infection for more than twenty years after 
Fleming ' s original work was penicillin G. Despite the advances up to 
1950, which allowed chemical modification of the side chains of 
penicillin to yield new penicillins, no s_ignificant improvements were 
found, especially in the area of penicillinase resistance. At this 
time, a serious problem involving i n vivo inactivation of penicillins 
was beginning to be recognized. The penicillinase first described by 
Abraham and Chain 7 was a S-lactarnase which hydrolysed the S-lactam 
C - N linkage to yield penic i lloic acids, which retained no anti-
6 
bacterial activity at all [1.1.4). 
~ llj=tH ~S C!I RC 3 
C~3 
N H 
0~ COOi! 
enicillinase 
R !lit" H Cll3 RC N /'\f..,......-- cH3 
N-i-H 
0 OIi H COOH 
[1.1.4) 
This resulted in protection for the micro-organisms producing 
penicillinase, and while the capacity to synthesize this enzyme 0ither 
extracellularly or intracellularly, or both, is tran smitted 
. 11 22 . genet1ca y, natural selection processes occurred t o an enormous 
extent . The severity of this problem was first made apparent by 
Barber, 23 who reported that between 1946 and 1948 in England, the 
incidence of penicillinase-producing s t aphylococci had increased 
24 from 14 to 59%. Similar observations in hospitals in the U.S .A., 
where the incidence of these micro-organisms was as high as 60 to 75%, 
made the need for improved penicillins acute. During the early 1950's, 
progress in modifying penicillins resulted in more stable, less wa t er 
soluble salts of penicillins which gave more uniform and prolonged 
serwn levels after oral and parenteral administration. At this time , 
Brandl et al 25 discovered that penicillin V was stable at low pH, 
allowing much greater absorption after oral administration (previously 
it had been noted that gastric juices des troyed a significant amount 
of penicillin G and related penicillins, eliminating the advantage 
of oral administration 26 ) ; thi s ;intihiotic, 1,hich 1,:1s effecti ve 
therapeutically over a wide spect r um of infections, has been in use 
ever since . 
The problem of B-lactamase resistance remained until Batchelor 
et al showed that 6-APA was readily available as a precursor to semi-
synthetic and superior penicillins (by chemical incorporation of other 
7 
functional groups). Thus, methicillin, the first penicillin resistant 
2 7 to staphlococcal B-lactamase, was prepared in 1960 and soon after, 
2 8 
the isoxazole penicillins were prepared and shown to have almost 
total resistance to B-lactamases. 2 9 As well, these were five times 
more potent than methicillin and could be administered orally. It 
was realised at this time that as steric hi ndrance at the 6-pos ition 
adjacent to the B-lactam linkage increases, so does resistance of 
penicillins to B-lactamases. This was quite clearly demonstrated in 
1953 with the discovery of cephalosporin N30 • 31 (vide inf ra ), later 
shown to be a peni cillin, whi ch has t he structure [1.1 . 5). 
~H H H CH 
_0/ "' ,; 
0r j=r~~"' 
0 COOH 
[1.1.5) 
This penicillin, with a side chain derived from 0-a -aminoadipic 
. d 32 . B aci , was shown to be resistant to s t aphy l ococca l - l ac t amases . 
llowever, its anti-bacterial activity was only 1% of that of other 
penicillins. Detailed accounts of the structure-activity relationships 
33-3 6 
of the penicillins and cephalosporins are given els ewhere . 
The 1960's and early 1970's have seen the routine preparation of 
an enormous variety of chemically-modified penicillins, to the extent 
that different penicil lins can be tailor-made to inhibit the action 
of a given micro-organism. 6-APA can be prepared in good yield from 
all penicillins microbially by the action of amidases of bacterial 
origin, 37 and the chemistry and enzymology of semi-synthetic penicillin 
preparation is now routine . 
8 
When one uses penicillin Gas a basis for comparison, it can be 
seen that significant progress in penici ll in res earch has been 
38 
made. Penicillins with activity against a broad spectrum of gram-
negative bacteria, good oral absorbtivity, excellent inhibitory action 
against penicillinase-producing s taphylococci or moderate anti-
pseudomonads activity are now commercially available. 
1 . 2 THE ELUCIDATION OF THE STRUCTURE AND TOTAL SY THESIS OF PENICILLIN 
1 . 2 . 1 THE WAR EFFORT 
Following the preparation of crude penicillin in solid form by 
Chain, Florey et al in 1940, progress towards the final elucidation 
of its structure was rapid. "The Oxford Group" quickly established 
. 39 40 
that penicillin was a monobasic acid and isolated its barium salt. ' 
They showed tha t i t contained nitrogen 41 and that upon hydrolysis it 
yielded CO2, a volatile compoun4 and the crystalline salt of a base. 
They ca lled this bas ic compound penicillamine and demonstrated
42 that 
it was a primary amine containing one strong and one weak acid 
function. It was through observation of an oxidation product of 
penicillamine that this group was first able to establish t he presence 
f I . . . 1 · 4 3 o sulp1ur in pen1c1l in. The conversion of penicillin in acid to 
a crystalline product termed penillic acid (vide infra) was r ecorded 
44 
by a group in the Wellcome Research Laboratories earl y in 1943 , while 
another group at the Imperial College of Science in London showed that 
. 45 penicillamine was an amino acid . During the war years, the Committee 
on Medical Research in the U.S.A . and the Medical Research Council in 
Britain arranged for the international exchange of information 
8 
concerning the chemistry of penicillin. 
In late 1943, the group at the Squibb Institute for Medical 
Research 46 succeeded in crystallising the sodium sa lt of benzyl 
penicillin (penicillin G), allowing the accurate study of the pure 
compound . It was only then that investigators in the U.S .A. and 
Britain realised that they were working with different penicillins. 
The American preparations yielded pl.enylacetic acid on hydrolysis 
47 (penicillin G) while the antibiotic studied in Britain yielded 
2-hexenoic acid (penicillin F) 48 under similar conditions and this 
penicillin exhibited a far greater reluctance to crystallize . 
l~wever, penicillamine of the same configuration (S) was obtained 
from both types , and its structure was confirmed as B,B-dimethyl-
9 
4 9 50 
cysteine chemica lly and crystallographically by the "Oxford Group". 
f . k d . 
51 52 
. h d h Ear l y on, ollowing wor one in 1937, ' which s owe t at 
cysteine condensed with formaldehyde and acetone to yield 
thiazolidines [ 1. 2 . 1], 
H H+S11 
1-1 112 
COOi! CCII 3 II 
0 
H 
!KHO 
H ~ S'\_/ CH 3 
"t- /'c11, 
COOH I! 
H H -t--Sv H 
,,1-/\, 
COOH II 
[1.2.l] 
thia:olidine-~-carboxyla e 
2 , 2-dime hylthiazolidinc-4-carboxylate 
it 1as demonstrated that(, Jpenicillamin could condense "ith ,arbonyl 
compounds to >·ield thia:ol idines . further , it was suspected that 
53 
the same moiety was present in the penicillin molecule, based on the 
observations 54 that mercuric chloride decomposition of penicillin G 
yie ld ed an aldehyde as well as penicillamine . The penilloaldehydes 
obtained from both penicillin F and dihydropenicillin F were 
characterized chemically55 and crystallographical l y . 
56 American 
workers, at the same time, isolated and characterized phenylacetyl-
10 
57 
aminoacetaldehyde from the decomposi tion products of penicillin G. 
On the basis of these and other related findings, the thiazolidine 
oxazolone formula [1.2.2] was proposed as the simplest expression for 
penicillin 
R-(N H H~::: R = benzyl (penicillin G) 
= 2-pentenyl (penicillin N COOH 
0 H H = n-arnyl (dihydro F) 
[1.2.2] 
However,the basic group indicated in this structure was not observed 
in penici ll in, but the correct fused 8-lactam thiazolidine structure 
[1. 1 . 2] was soon forthcoming . A flow chart outlining the degradative 
procedures and products from penicillins is shown in Scheme 1.2 . 1. 
An enonnous concerted effort now followed to develop a simple 
synthetic method for the production of penicillin . While the oxa-
zolone-thiazolidine theory was in vogue (1943-1944), many attempts 
were made to synthesize penicillin-like compounds by condensing 
appropriate alkoxymethylene oxazolones with penicillamine. Some of 
the compounds produced by these methods demonstrated a trace of anti-
biotic activity: condensation of 2-phenyl-4-ethoxymethylene oxazolone 
with DL-penicillamine in pyridine 58 yielded an antibiotic product, 
59 d . 
while using 2-benzyl-4-methoxymethylene-5(4)-oxazolone resulte in a 
material very like benzyl penicillin in its antibiotic activities. 
However , concentration of the antibacterial agents in these 
preparations was exceedingly difficult. It should also be pointed 
out that a rational synthesis of the 8-lactam structure via the 
oxazolone is conceivable by way of an intramolecular acylation. It 
did not prove possib l e to synthesize the 8-lactam thiazolidine nucleus 
by any method during this time . 
F) 
penic1llam1ne 
Oxidation 
Acetone 
Ketene 
PENICILLIN 
I 
r3t-~~) R_l__N H 
OH 
pen1Uic oc1d 2 
penillominic acid 
~~)(SYc~ 
N~H 
H COH 
2 
tetromethylthiazolidne -t.-C0
2
H 
H3Cy~ 
~CfN~C°iH 
0 
cx-acetam1do-Ml-
d1methylacrylic ac id 
l 
RC~CH2~0 8 
pen1Uooldehyde 
H 
8 CHCqH 
N-ocetylglycine 
R = 2-per,tenyl 
n-omyl 
benzyl 
chcmc 1.2 .1 Degradation products from penicillins . 
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The final major deve lopment to emerge at the end of the war in 
this area was the demonstration that yields of penicillin G could be 
raised enormously by the addition to the growth media of phenylacetyl 
d . . f . L . .d 60 erivatives o various -amino aci s . It was shown that a strain 
of Penioillium notatwn which hitherto had not been observed to produce 
any antibiotic but penicillin F, actually produced penicillin G when 
grown in the presence of phenylacetamide 61 and,in the presence of 
p-hydroxyph enylacetic acid,gave penicillin X in higher yields than 
any isolated in previous fermentations . These observations were clear 
guidelines to the biosynthetic pathways (of . Section 1.2.4 ) . Extending 
these principles to analogous compounds led to the production and 
isolation in pure crystalline form of many novel penici llins . 6 2 
1.2 . 2 . THE TOTAL SYNTHESIS OF PENICILLIN V 
The "classic" synthetic approach to the penicillin nucleus in 
the late 1940 ' s involved the initial synthesis of a substituted 
thia zo lidine, with ring closure of the S-lactam part of the molecule 
to yield the fused S-lactamthiazo lidine as the last step [l.2.3] 
The "classic" approach 
[1.2 . 3] 
The reasons for this synthetic approach stemmed from limited 
expertise in using protecting groups. The free carboxyl group in the 
molecu l e often had to be protected as an ester during the synthesis. 
However, the S-lactam is hydrolysed much faster in alkali than is the 
es ter, hence onl y acid-sensitive protecting groups could be used in 
ear l y schemes , with S- lactam ring closure being the final step. 
. 6 3 64 Using this type of approach , an early synthesis ' which 
12 
r esu lted in trace (0 . 008%) yie lds of benzy l peni cillin involved the 
condensation of penicillaminc with an oxazolonc which was effective l y 
a protec ted form of a-fo rmy l - -phenacc tyl gl ycine [1.2 . 4] . 
_/XCIIOCll3 
0 - Cll2 \ 
0 0 
+ 
I 
1 II II 1 Cll3 
0-Cll
2 
/ ' ~ "- cll3 1\0~ \_ H 
O H COOi! 
I 
0 II H S /Cll 3 
11' ' \--~/" ~ 
0 - C112 - c' ,,.. J,.-~ --/-11C113 
O COOi! 
II II S Cl l 3 
0 - CII 2 - g- ii-+-----('-")< CII, 
A ~---f-H 
0 Oil COOi! 
[1.2.4] 
benzylpcnicilloic acid 
Similarly attempts t o cyc l ise the appropriate penici lloic acid 
derivative above to penicillin G
6 5 yielded only traces of benzyl-
f ..,nicillin. 
Ex t ensive follow-up studies by Sheehan culminated in the first 
total syn th esis of any natural penicillin . 66 By 1951 this group had 
67 68 developed three new 8-lac t am syntheses ' and prepared a 5-phenyl 
. . . 69 70 pen1c1ll1n containing many of the properties of the natural 
13 
penicillins (Scheme 1 . 2.2 ) . Sheehan, in 1955, discovered that aliphatic 
carbodiimides we r e capable of forming amide bonds in aqueous solution 
under mi ld conditions directly from the amine and carboxyl functions 
of penicilloic acids . 7 2 This was a major breakthrough , since all 
previous at t empt s to perform this cyc li sation (e .g . acid-halide 
or acid - anl1ydrid e reagents) had failed because under dehydrating 
conditions th e penicilloic aci ds readily formed oxazolone thiazolidine 
compounds . 
In 1956, Sheehan was ab l e to synthesize a biologically active 
" h " f . . 1 . G72 [l 2 5) sulp onyl analogue o pen1c1 l1n . . 
0 H H S CH3 
0-CH2-~-~µ + Cll3 
0 -- II 
0 
[1.2 . 5] 
COOH 
and by 1957 had carried out the first rational synthesis of a n..itural 
. · 11· 66 ,7 3 pen1c1 1n . This is outlined in Scheme 1 . 2.3. The aldehyde.!_ 
(Sheehan ' s ;1ldchyde), pro t ected at both amine and carboxylate centres , 
was condensed to form th e subs tituted penicilloic acid~ and the 
phthaloyl protecting group cleaved from nitrogen to yield th e 
hydrochloride sa lt 3. The phenoxymethyl penici lloic acid 5 \ as 
prepared by treating~ with phenoxyacetyl chloride and triethylamine 
at 0°C and the t-buty l protecting group r emoved from the a- carboxylate 
+ 
,iys CH3 CH3 
N H 
I cqcH3 CH2 I triethyk:lmine COCl 
Scheme 1. 2 . 2 The synthesis of 5-phenyl pcnicil l in (Sheehan, 195 1). 
Scheme 1.2 . 3 
6 
l CH 2N2 / dioxone N2H4 oq . HCI 
I ·s of penicillin V (Sheehnn, 1957 ) . The synt1cs1 
14 
of_! with anhydrous HCl in pyridine . The final 8-lactam ring closure 
was effec t ed rapidly (20 min) in water-dioxane with two equivalents 
of N, N' -dicyclohexylcarbodiimide to yield penicillin¼ 6 . 
74 
By the end of 1959, Sheehan had prepared nine new synthetic 
penicillins in multigram quantities, commencing with the intermediate 
3 in Scheme 1. 2 . 3. All the analogues prepared were unavailable through 
subs t itution on 6-APA by direct fermentation methods, and all showed 
some degree of antimicrobial activity and were very much more inert 
to acid or penicillinase hydrolysis than penicillin G. By 1961, there 
existed a general synthesis of 6-APA commencing from the methyl D-a-4-
carbomethoxy-S , S-dimethyl-a -amino-2-thiazolidineacetate hydro-
ch l oride intermediate_! above, 75 as well as the microbiological route 
to this compound pioneered by Batchelor21 in 1959 . 
The main problems implicit in Sheehan's syntheses were s tereo-
chemical in nature: there was no real attempt made to regulate the 
synthesis so as to impart stereospecificity at any step. 
The initial condensation between penicillamine and the aldehyde 
1 to yield the penicilloic acid derivative~ resulted in the creation 
of two new asymmetric centres (marked*) in the molecule besides the 
original chiral centre present in the penicillamine . Hence there were 
eight possible diastereoisomers of this compound , although commencing 
with penicillamine of known configuration reduced this number to four . 
A nomenc l ature was developed to describe these eight isomers of the 
penicilloic acid series , using the Greek prefixes a , 8 , Y and o along 
with the configuration at the penicillamine . 76 Hence the penicilloic 
aci d derived from penici ll in G was named D-a -benzylpenicilloic acid. 
It has since been established that this compound is actually (3S, SR, 
6R)-benzyl penicilloic acid, and corresponds to the configuration 
15 
found in all natural penicillins (Sheehan actually established 77 that 
the D-a-configuration of th e crucial intermediate 4 in Scheme 1.2 . 3 
did correspond in configuration with natural D-a -penicilloic acid). 
Sheehan only iso lated t wo of the four possible isomers, one 
(a isomer) in 24% yield and the second (Y isomer) in 30% yield. 
Heating they isomer in pyridine produced an equilibrium mixture from 
which additional a isomer could be obtained. Heating these isomers 
in acid produced a third 8 isomer78 ; however the configurations of 
the 8 and Y isomers were not es t ab l ished wi th certainty . Sheehan also 
carried out his synthesis using racemic DL-peni cillamine in place of 
the natural D isomer , and he was able to resolve the DL-a -penicillin 
V to obtain th e natural D-a isomer as we ll as the L-a form. He 
estab li shed that pure L-a-penicillin V had no antibiotic properties . 
Since 1962, efforts have been directed a t the development of a 
stereospecific synthesis of penicillin via control of the C(S) and 
C(6) chiral centres of the molecule, and this topic is considered in 
Section 1. 2 . 3. 
1.2.3. MODERN SYNTHETIC DEVELOPME TS 
. . 79 
Any practical synthesis should satisfy the following cr1ter1a: 
( 1) The synthetic plan should be such that no structural isomers are 
formed i n any step. 
(2) The synthesis should be stereochemically specific , or else a step 
should be envisaged by which any undesired isomer is converted into 
the desired one. 
(3) The yields in each step should be high and th e numbe r of s t eps 
should be low. 
The early synthetic attempts were strong l y influenced by the 
instability of the 8- lactam structure in acid or basic media, 
16 
resul ting in the postponement of this step of the synthesis until last . 
Since know l edge of the r eac t ivity of S- lactam systems has grown , new 
t houghts on the possibility of commencing a penicillin synthesis from 
7 9 
a 13 - l actam derivative have developed [1 . 2.6] 
_ljt-{ -1-v~::: J-t-+H 
O COOH 
COOH 
[1. 2 .6] 
This type of reaction would have the advantage of fixing the stereo-
chemistry atC( S) and C(6) on the 8-l ac t am before effecting the 
cyc l isation of t he thiazolidine . However, up to 1972 no one had 
reported a penicillin synthesis from a preformed substituted S- lactam. 
An i nvestigation into possible biosynthetic routes to penicillin 
(discussed briefly in Section 1.2.4) led, in the mid 1960's, to the 
synthesis of the monocyclic thiazepine ana l ogues of benzylpenicillin and 
80 6-APA (fr om O-penicil l amine and a -aminoacrylate derivat ives [1 . 2.7]) . 
These corresponded 
0 II H RCNX CH, 
0 OCH 3 
+ 
at both chiral centres to the natural penicillins . 
"sf ~"' ___ "~HH/s"(~:, 
H2 COOH J--t-t 0 COOi-i 
R=0CH2CO-
R=H- [1.2.7] 
Successful experiments to effect the transannular reaction in vitro 
or in vivo to yie l d t he desired penicillin have so far not been 
reported. 
In mid- 1976 the first stereocontrolled total synthesis of a 
. 81 penicil l in system was described by Baldwin et al . , who performed a 
17 
stereospecific synthesis where the desired stereochemistry was 
obtained without the need for subsequent epimerisation . It should be 
rea l ised that up to this time there were only four claims for the total 
synthesis of penicillin, none of which were stereospecific . The first 
h d . d . 63,65, 66 tree are 1scusse earlier and the last, developed in 1974, 
yield ed the C(6) s t cr eochern i s t r~ The Baldwin group adopted the approach 
out l ined above of preparing a substituted e-lactam, starting from a 
cysteinylvaline dipeptide with the desired stereochemistry 82 and built 
t he thiazolidine moiety on t o this, as shown in Scheme 1.2.4. 
Early work had enabled the B-lactam ~ to be built up from the 
thiazolidine Z (prepared from R-cysteine and acetone) and S-valine 
methyl ester by condensation at the carboxylate of the thiazolidine . 
Ring closure of~ using aH in CH2Cl2 was readily effected to yield~-
The importance of this process is the clean stereochemical control of 
the C-3 addition of X. Carrying out this procedure using the me thyl 
ester of (R)-isodehydrovaline [1 . 2.8) yields the B-lactam .!.Q_, which 
~:,,, Ii CH2 [1.2 . 8) 
MeOOC- II H 
is oxidized with m-chloro pcrhenz.oic aci d ( 1CPBA) in CII 2 Clz to yield 
a single epimeric sulphoxide .!..!_. The sulphoxide is cleaved with 
H2S0 4 in benzene to yield the ketosulphide ..!_l 1d1ich , by tran s formations 
to the expoxide epimer, 
then to the aldehyde epimer 
( R~ -
CHO 
o,Jc11Jc11,) 
and then final oxidation with MCPBA,yielded the sulphoxide 13 as a 
mixture of diastereoisomers due to additional chirality at sul phur. 
Heating the mixture to cause ther ma l yn e limi nat ion ga ve one 
H 
HOOC1j NH2 ¢COCI + CH 3CCH 3 I I SH 0 
m-chloro 
perbenzo lc 
ac id/ CHzClz 
ct,Jlw>z.s! ... o-
"~l=i H 
H~M• 
11 
l va l ine methy l ester 
X • H (a) 
• OCO¢ (b) 
a OH (c) 
• Cl (d) 
¢ CONH H HOn~:~,M, 
PBr 5 / H 
1/0MF, O°C 14 
o-
¢CONH ~ J. 
"J=r'l< 
O N--j CO 2Me H 
13 
H2SO4 / benzene 
dlmethylacetam lde 
MCPBA, 6O°C 
OH 
!:1=f~ 
H CO2Me 
0 
R • -CH2~CH:s 
12 
Sch 111 c 1. 2. 4 The sy n hesis of a 8- l ac am penici ll in precursor (9), 
l ead ing to a t ereospecific syn th esis of penici ll in 
(Ba ld 1v i n , 19 7 5 - 19 7 8) . 
stereoisomeric su l phenic acid whi ch yie lded the isomerically pure 
penicillin sulphoxide ~ in 21% yield. Deoxygenation of the sul-
phoxide with P8r3 in DMF yielded the penicillin~-
This extraordinary synthesis, which effectively results in the 
cleavage of one fused S-lactam thiazolidine moiety to form another, 
is highly significant for another reason. It represents the first 
synthesis of penicillin along a viable biosynthetic route commencing 
from a cysteinylvaline dipeptide, and provides strong evidence to 
88 
substantiate the Arnstein tripeptide theory of B- lactam antibiotic 
formation (vide inf~a). The Baldwin group are presently (1978) 
working on methods to simplify the above synthesis via stereo-
83 
electronic control of configuration at the C(S) position . 
18 
Some interesting questions still remain unanswered regarding the 
chemistry of the penicillin nucleus and these are outlined in closing 
this section. The hydrogen on C( ~ is potentially acidic, due to the 
proximity of the S-lactam a to C( 6) . When 6-substituted penicillins 
are in the natural ((R)C(6)) configuration, the molecule is in the 
84 
thermodynamically less stable arrangement, and epimerisation at the 
6-position could reasonably be expected under basic conditions . 
However this does not occur with natural penicillins, although some 
6-APA derivatives epimerise after treatment with aH/THF or triethyl-
85 
amine in CH2Cl2. Some deuterium exchange experiments have been done 
to try to gain an insight into the mechanism of epimerisation without 
success , although deuterium is incorporated at the 6-posi tion. It has 
been found after epimerisation that the unnatural ((S)C(6)) epimer 
86 
predominated in the equilibrium mixture. It has been proposed that 
87 
a common intermediate (1 . 2.9) is involved in this epimerisation 
although this remains largely unsubstantiated. 
[1.2 .9] 
Much les s is known concerning epimerisation at C(S), although it 
would appear that the proton on this carbon is likely to be less 
susceptible to epimerisation by exchange processes since it is less 
acidic . However, the thiazolidine moiety is able to ring-open and 
close at this position in penicilloic acid derivatives (affording 
inversion at c(S ) and it is conQeivable that the penicillins could 
behave likewise in acidic conditions [1 .2.10] 
R tHµH -45 CH3 
CH3 
N H 
0 
COOH 
[1. 2 .10] 
19 
This type of epimerisation has not yet been observed in the penicillins 
studied to date . The proton on C( 2) is stereochemically stable and it 
does not exchange under basic conditions . 
This area will be reviewed only briefly due to the enormous 
amount of literature presently available on this aspect of penicillin 
20 
synthesis and its passing relevance to the central topic. 
The isolation of a non-cyclic peptide corresponding empirically 
. 88 
with penicillin N was reported by Arnstein et al . 1n 1959 and this 
initiated the tripeptide theory for penicillin biosynthesis . This 
theory has dominated the subject of 8- lactam biosynthesis ever since . 
The Arnstein tripeptide was extracted f rom mycelia of Penicilliwn 
chrysogenwn and hydrolysed to yield residues of a. -aminoadipic acid, 
88 , 89 
cysteine and valine . The structure of th e tripeptide was shown 
to be o-(a. -aminoadipyl)-cys teinyl va line , and a comparison with 
penicillin N is drawn [1.2.11]. 
H 
I 
HOOC - C 
I 
H2 
penicillin N [1.2.11] 
a. -amino adipic acid 
H 
I 
HOOC - C 
I 
NH2 
cysteine 
H /SH CH 3 
I H, / 
- C , CH2 C- CH 
I I / 3 
/.C- - C-COOH 
// ' I I O J H H valine 
o-(a.-aminoadipyl ) cysteiny lva l ine 
Since no other sma ll peptide fragments containing bo th cysteine and 
90 h . d . . . d 
valine were isolated, Arnstein proposed tat a.-am1noa 1p1c ac1 
plays a central role in penicillin biosynthesis, and suggested that 
all other penicillins might be obtained from penicillin N by enzymatic 
f 
. 91 
processes involvi ng a side-chain acyltrans erase reaction. However, 
at this time penicillin was not one of the penicillins isolated 
92 
from P. chrysogenwn, and it was not until 1962 that a. -aminoadipyl-
21 
containing penici l lins were detected in the culture filtrates of this 
. I h . b b . h db' h · 93 , 94 h or ganism . t as since een esta lis e ioc emically tat 
a - aminoadipic acid is essential for the biosynthesis of penicillin G 
and ot her solvent-soluble penicillins by P. chrysogenwn . 
The stereochemistry of the tripeptide was not es t abl ished at thi s 
time, although free a -aminoadipate found in th e organism was of the 
S- configuration 9 °, while the configuration of this group in the side 
chain of penicillin N isolated from Cephalosporiwn was determined 
32 as R. Isopenicillin N, which differs from penicillin N only in 
having the S configuration on the aminoadipyl side chain, was isolated, 
with 6-APA , in 1962 92 , 95 from media starved in the side - chain 
precur sors . This discovery lent considerable support to the tri-
pepti de theory , since isopenicillin appeared to be the ini tial 
biosynthetic penicillin and a common intermediate for th e synthesis 
of 6-APA and all other - acyl penicillins . 96 Recently, the tripeptide 
from which i sopenicillin is formed was isolated
97 
and shown to be 
o-( (S) -a- aminoadipyl)-(R)-cysteinyl- (R) -valine , 98 while the original 
Arnstein tripeptide has the R,R,R configuration. Possible pathways 
99 
to penicillins in P. chrysogenwn are outlined in [1.2 . 12] 
o-((S) -a-aminoadipyl)-(R) -cys t ei ne and (S)-valine 
l 
o-((S)-a-aminoadipyl)-(R)- cysteinyl-(R) -val i ne 
lsop7 llin 
6-APA 
\ 
N (S,R, R) 
Benzylpenicillin, etc . 
[1.2.12] 
Penicillin N (R, R, R) 
j 
Deacetoxycephalosporin C 
I 
Cephalosporin C, 
The tripeptide theory is attractive due to its simplicity: it 
implies that three amino acids from the cellular pool combine to 
initiate penicillin biosynthesis . After much work using labelled 
intermediates and biochemical precursor studies, still virtually 
nothing is known regarding the mode of formation of the penicil lin 
nucleus. It has been assumed that the B- lactam ring forms first, 
22 
and plausible mechanisms to account for this have been presented 100 
based on tritium-labelling studies. Even the sequence for incorpor-
ation of the three amino acid components into the tripeptide is ye t 
to be established. It has been shown that the disulphide form of the 
dipeptide, (R)-cysteinyl-(S)(l- 1 ~C]-valine, can be directly utilized 
101,10 2 for penicillin synthesis by P. chrysogenwn, and hence postulated 
that the a -aminoadipate is the last amino acid to be incorporated into 
10 3 
the tripeptide, While the tripeptide can be synthesized 
chemically, 1 04 the sequence has not been established by this means. 
On the basis of the preceding information, hypotheses have been 
presented to explain the cyclisation of the tripeptide and these have 
to take account of the occurrence of (R)-valine in the final 
· ·1 · 1 05 d h ff · f h Bl d penici lin an t e sequence o ormation or t e - actam an 
thiazolidine rings. 
. 90,96,100,106,107 'd . · · · The current hypothesis consi ers isopenicillin N 
to be a major biosynthetic penicill in (recently it was shown that 
tritium from labelled isopenicillin N was incorporated in benzyl-
penicillin synthesized by P. chrysogenum while tritium from labelled 
101 penicillin N was not ), and is outlined in Scheme 1.2.5. The non-
cyclic precursor~ was proposed on the grounds that thiazolidine ring 
closure via a carbonyl at C(S) or a double bond between C(S) and C(6) of 
the cysteine residue was precluded by labelling studies, and also that 
it would lead to a monocyclic form of penicillin.!..§_. Dehydrogenation 
R~~· ~~~ 
N_j_COH 
H = 2 
0 H 
15 
H RN 
~3 H3 
~ C02H 16 0 Fl 
17 
Scheme 1.2.5 The current hypothesis for the biosynthcsis of 
penicillins. 
of the valine re s idue followed by attack of the thiol, !2_, if this 
were stereospecific, would result in the penicillin nucleus 18 with 
the correct chirality at valine . 
23 
The importance of Baldwi n's synthesis can now be seen in its 
correct perspective . He was able to demonstrate the feasibility of 
commencing with a cysteinylvaline dipeptide to yield a 8-lactam moiety 
and then s how by using isodehydrovaline in place of valine that the 
syn thesis of the thiazolidine moiety is possible witl1 controlled 
ster eochemistry throughout . These· results s trongly validate the 
entire theory of the tripeptide theory of 8-lactam antibiotic bio-
syn thesis , although much remains to be done . The precise mechanism by 
which the thiazolidine rings of the penicillins are formed has no t 
109 
yet been established experimentally . The problem of explaining 
the epimerisation of both valine and aminoadipate in isopenicillin 
in convincing fashion has not yet been solved, and the failure of 
micro-organisms to utilize certain key proposed intermediates in the 
synthesis of penicillins (from resul s based principally on labelling 
studies) is also yet to be rationali sed . 
1.3 REACT10 1S OF COORDI ATED LIGANDS 
The concept of using metal centres to control and d i rect the 
synthesis of organic molecules is quite recen t, and really marks th e 
beginning of bioinorganic chemistry . 1etals have been used for many 
years in organic chemistry for catalytic purposes , and early this 
century it was realised that metals played a crucial part in many of 
the common biological organic reactions. The possibility of direct 
involvement by a metal centre in the form of a chelate complex, and 
the importance of cl1elate complexes in biologica l chemistry hn~ only 
become apparent over the last 80 years. Werner ' s original work on 
chelate complexes has expanded to such an extent that these concepts 
are commonplace today. 
24 
Work in this laboratory has for some years been directed towards 
an understanding of the reactions of coordinated ligands and, 
i n particular, developing models for the mode of action of transition 
metals in many biological systems. 
Certain advantages in utilizing transition metal chelates quickly 
became evident: carrying out a synthetic reaction at a metal centre 
often imparts a certain amount of stereospecificity to the reaction
110 
as well as regiospecificity due to selective activation of certain 
11 l 
atoms in the organic substrate by the metal centre. 
The use of the bis-ethylenediamine Co(III) system in these studies 
has been especial l y fruitful. The Co(III) t etraamine sys t em has the 
following advantages: (a) It provides a non-labile centre on which to 
carry out reactions on the ligands coordinated at two adjacent sites. 
(b) Physical methods such as 1 H NMR and 13 C NMR spectroscopy can be 
used to characteri ze the results of organic transformations taking 
place. (c) The exis t ence of A and 6 stereoisomers in this system 
al lows th e resolution of dissymmetric ligands by separation into the 
respective diastereoisomers . 
These properties have been well used to elucidate stereospecific 
. . . d 11 2 influences in metal complexes containing optically active ligan s 
and have permitted the coordination of bidentate amino acids stereo-
specifically and/or allowed their resolution .11 3- 117 The general 
procedure by which this is done is outlined in Scheme 1.3.1. Commencing 
with an amino acid of known chirality results in, at mos t, t wo diaster eo-
isomers and,if the condensation is stereospecific, only one isomer . 
The metal centre can activate ligands upon coordination and impart 
~ 
HN-C-H 
2 I 
COH 
2 
Racemic mixture of diastereoisomers 
A(8) 
6(~) 
A(Sl 
ti(g) 
Resolution 
J\(8), ,,\(~). 6(8), fl(~) 
Scheme 1. 3.l The re olu ion of dia reoisomcrs of a [Co(III )(cn)2 
(amino acidato)]n~ comp lex. 
properties not normally found in the free organic compounds. An 
understanding of the underlying causes allows prediction of likely 
reaction products and the planning of "template syntheses", i.e. 
the syntheses of organic compounds from s impler s t arting materia ls 
by controlled stepwise reaction on a metal-ligand "template". These 
types of reaction are now being carried out with increasing degrees 
of sophist ication . The bis-ethylenediamine and related tetraam ine 
Co(III) centres provide ideal "templates" for developing syntheses 
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of this sort , and some success has been achieved to date . For example, 
the metal centre has been found to activate coordinated nitrogen to 
1 . h· 1 · k 118 d . h 1 b . h 1 e ectrop 1 1c attac , an to activate met y ene car ons 1n ace ate 
ring towards nucleophilic attack.12 1 
A . . f . ·1 119 d 120 d' · h ct1vat1on o n1tr1 es an esters upon coor 1nat1on as 
a l so been noted, and specific hydrolytic cleavage of esters and 
122-124 
peptides has been carried out using the metal centre . 
These properties have permitted some aspects of planning 1n the 
regiospecific and stereoselective preparation of several large 
molecules from simple organic substrates . Examples include the 
condensation of coordinated monodentate aminoacetonitrile with 
'd' 125 (131] chelated ethylenediamine to yield a novel am1 1ne structure ... 
(1.3.1] 
In this reaction the H2 tr•ans to chloride is activated towards 
the deprotonation by weak base and this l eads to nucleophilic attack 
at the nitrile carbon by the so-formed coordinated amide , with 
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subsequen t pro t on transfers yielding the exo H2 group . The reaction 
is regiospecific ; only the NH2 group t ran to the chloride is activated , 
and s t ereospecificity with respect to the a symmetric nitrogen atom 
formed has been es tabli shed since a racial isomer results (c f th e [Co (cn)2 
2+ 
sulphenamide] complexes) . The chelated imine species 
. 2+ 120 [ (NH3)4Co(pyruvate 1minato)] has been synthesized, and a macro-
cyc li c species has been prepared via condensations in base with acety l -
126 
acetone . Treatment of the imine species wi t h biacetyl in base 
127 
r esults in th e formation of a chelated pyrroline ring system [1 . 3 . 2]. 
2+ 
OH 
Me - C - C - Mc 
II II 
0 0 
[1.3 . 2] 
Intramolecular syn theses are also possible in systems of this 
nature , and prime examp l es ar e the syntheses of novel multidcn a t e 
128 , 129 3+ ligand complexes from [Co(en)2(aminoacetone)2] and [Co(tren) 
(aminoaceta l dehyde)(Cl)] 2+ in good yield, ref. Schemes 1.3 . 2. and 1.3 . 3 . 
2+ 
A final example , in which both i nt er- and intramolecular condensations, 
resu lti ng in a nove l amino acid synthesis , are observed, is the reaction 
l 3 0 
of C with coordinated acetonitrile, shown in Scheme 1.3.4. The 
tr i dcntate bis(amidinc) aminomethyl ma lonat e can be removed from the 
meta l by reduc t ion of Co (III) to Co(II) and treatment with acid o 
yie ld aminomcthy l ma lonic acid which readily decarboxylates to form 
a l anine. 
Scheme J . 3 . 2 The synthesis of novel c1ua<lridentate and bis(tridentate) 
complexes from [Co(cn)z(aminoacetone) 2 ) 3 +. 
\N \N 
~-- /Cl OH
9 YN-- /Cl 
/Co---
~r-N N I N \__Ne~ N~ 
0 
j-H20 
\N \N 
~l) < BH4e ~rj 
N~ 
H 
Scheme 1. 3.3 
2+ f The synt hesis of (Co(trenen)(Cl)] rom 
(Co( t ren)(aminoacetaldehyde)(Cl)] 2 + . 
NH3 
H N _- eu_:::N 
3 I H2 ~ 
HN NH2 
Scheme 1. 3. 4 The synt hesis of an alanine pr ecursor from 
[Co( 11! 3 ) 5 (acetonitrile)]3+. 
Recently, more ambitious metal-promoted syntheses have been 
devised, including that of porphrobilinogen starting from tetra-
amine Co(III) aminoacetone complexes, outlined in Scheme 1.3.5,and 
the synthesis of the penicill i n nucleus, the subject of th i s thesis. 
1.4 OBJECTIVES OF THE PRESENT INVESTIGATIO 
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The preceding section has outlined the development of metal-
promoted "template syntheses" using the Co(III) tetraamine nucleus, 
and the level of sophistication currently achieved sugge s ted the 
possibility of building a complex organic molecule such as penicillin 
by similar means. 
The approach adopted pa r a l le l s Sheehan ' s syn t hesis in many 
respects in attempting to prepare the thiazolidine moiety f i rst 
followed by B-lactam ring closure. 
Adopting the viewpoint that th e penicillin nucleus could be 
synthesized from condensation between a correctly-substituted aldehyde 
group and B -aminothiol, two approaches towards a metal-based template 
synthesis were envisaged. 
The first approach, which is examined in Section I of this thes i s, 
was directed towards the synthesis of an (N, 0)-bound B-aminothiol 
complex. Subsequent condensation with an appropriately substituted 
aldehyde would result in the formation of the chelated thiazolidine 
ring, and final ring closure of th e B-lactam at the thiazolid i ne 
nitrogen would yield the chelated penicillin nucleus. These reactions 
are outlined in Scheme 1.4.1. Th e real possibility of stereochemical 
control in this reaction to yield an isomerically pure penicillin nucleus 
can be cl earl y seen from mol ecul ar mode l s . Commenci ng with a B-aminoth i ol 
of known chi r ality and che l ating t his to an opt i ca ll y ac t ive 4Co( III) 
ce11tre would a llow i solation of one isomer of th e (N, 0) - bound th io l 
--NH2CH2CCOJCH3 B: Nt. <~~H2C(O) C H3 N,ea..:: 
NHlH2CCOJCH3 NH2CH2C CH3 8J 
l 
rt 0 Ce r CH s: 
N,~_y 2 N,~~ 
H2 H2 
l 
NC< 
' N ( ;) N,~P 
H2 H2 
Scheme 1. 3.5 A potential synthesis of porphrobilinogen commencing 
with [Co( ) 4 (aminoacetone)2] 3 + . 
n+ 
",]~" N,CoXY 
l HS 
~~ 2+ N,c( .1 
! 2+ ~ wHS~ H H 
HO,C ! ~t" 2+ Hoc-rc=o H 2 ..._ t-R 
Ni_C/ H 
.1... 
~o o 
N,Co 
\ 0 I ,. 
-N,Co 
.l!... ":tf_l "±r_l O N :. H H N C H i 
C02H 
H 
C02H 
Sch me 1 . 4 .1 /1. po t e n tia l synthesis of penici 11 in commencing ,~i th 
(N 0) [Co ( ) 4 (B-aminot h io l )] 2 + . 
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complex.!.: In base , this complex would be susceptib le to electro-
philic at t ack by a substituted aldehyde at either nitrogen or sulphur 
of the complex , followed by ring closure to yield the (N,0)-bound 
thiazolidine complex. Onl y two isomers are possible by this scheme, 
as both the 8-aminothiol and the aldehyde are of known chosen 
chirality, and chirality at cobalt is controllccl . It was hopecl 
that the metal centre might direct the attack of the thiohemiacetal 
species to one side of the coordinated nitrogen preferentially, 
resulting in stereose l ectivity at thi s centre [1 . 4 .1 ]. 
-It. 
R R R 
R' R' [1.4.1] 
It wou ld then be a simp l e matter to remove the chelated penicilloic 
acid from the meta l centre and effec t B-l actam ring closure by 
classical means, resulting in the penicillanic acid nucleus (6-APA) 
with the re4uirecl stereochcmistry at C(3), C(S) and C(6). 
The second approach , which is examined in Section II of this 
thesis, was directed towards the reverse process of the above, i . e . 
the synthesis of a chiral comp l ex containing a free aldehyde function . 
Condensation with a chiral B-amino thiol would result in a penici lloic 
acid comp l ex simi l ar to 3 in Scheme 1. 4 . 1, and in this case condensation 
of the carbony l of the coordinated carboxylate of the aldehyde complex 
with the nitrogen of the B-ami noth iol might result in the formation 
of the entire penici ll in nucleus on the metal centre. These possibil-
ities are outlined i n Scheme 1.4 . 2 . Again, stereochemical regulation 
throughout th e synthesis appears possible since resolution of the 
5 
3+ 
Scheme 1 . 4.2 A potential syn hesis of peni illin co~ncncing wi th 
[Co( )4(formylglycinc)] 2 +. 
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aldehyde complex would be possible, and the chirality of two of the 
three centres could be fixed by choice. It is difficult to envisage 
simple reasons why this condensation should be stereospecific or in 
what manner a chiral metal cent re might influence the stereochemistry 
of the reaction. However, even if resolution of the two possib le 
diastereoisomers formed in such a reaction were required, this would 
not be difficult and would still represent a significant advance. 
Likely problems with regard to syn th etic aspec t s of the preceding 
two hypotheses a re: 
1. The difficulty of preparing and stabi lising a coordinated (N,0) -
bound free thiol species . Su l phur is well-known for its ability to 
react with Co(III) to yield intractable black polymeric sulphides and 
only in the 
cysteine to 
last few years have reports of the successful chelation of 
131,132 
a Co(III) centre (N,5-bound) been received. 
2 . The related difficulty in preparing a chiral chelate complex of 
133 
the desired type of aldehyde. Recent attempts in this laboratory 
to prepare complexes of the sort 
by oxi dation of chelated primary and secondary a lcohol s have so far 
been unsuccessful, and the problem of stabi li sing a chiral form of such 
a s peci es t o inversion via keto-enol tautomer ism would have to be 
overcome [1.4.2). 
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[1.4. 2] 
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CHAPTER 2 . SYNTHETIC ATTEMPTS AT PREPARING COORDINATED BIDENTATE (N~ 
BOUND PENICILLAMINE USING A COBALT(III) PENTAAMMINE CENTRE 
2 .1 INTRODUCTION 
Penicillamine was of interest during the nineteen forties and 
early nineteen fifties onl y as the degracation product common to all 
134 
penicillins . The 2,2-dimethylcysteine structure was postulated 
by Cornforth in 1943, and later confirmed synthetically 49 and 
crystallographically . so Penicillamine is a naturally occurring 
amino acid: i t is levorotatory in a lkaline solution and , with 
respect to its absolute configuration, belongs to the (S)-series of 
amino acids; it is systematically named (S) -(- ) - 2-amino-3-mercapto-3-
methylbutyric acid [2 .1,1] 
[2.1.1] 
(R)Cysteine (S) Peni ci llamine 
(S) -penicillamine, which itself possesses no known antibiotic 
activity, was important as a key intermediate in th e structural 
. h . 66 
assignment and total synt esis of natural penicillins . In 1956 it 
was tried therapeutically as a che lating agent to accelerate the 
elimination of heavy metals present in high concentrations in the 
body (Wilson ' s Disease 1 35 ) . It has since become important as a bas ic 
therapeutic in the treatment of rheumatoid arthritis 136 and as an adjunct 
.. 137 ,1 38 d l . l l . 139 to the treatment of chronic hepatit is an mu t ip e sc erosis . 
So far, only the (S)-isomer has shown any therapeutic value; the (R)-
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isomer and hence the racemate are toxic at similar levels . 
A variety of methods for the synthesis of penicillamine appeared 
in t he mid 1940 ' s soon after its discovery and characterization. 
These were based on oxazolones 140 , thiothiazolidones 14 ~ (which led 
indirectly to a synthesis commencing with 2,2-dimethylacrylic acid) 
and a-benzylmercaptoisobutyraldehyde 142 (via a Strecker react ion). 
However , large-scale production has only proved feasible either semi-
synthetically by penicillin degradation or completely synthetically 
via the racemate, commencing with isobutyraldehyde, sulphur, ammonia 
and hydrogen cyanide (the Asinger process) . 140 Two other recent 
synthetic methods which afford derivatives suitable for resolution 
commence with ethyl isocyanoacetate (yielding {R,S}-S-benzyl- -
formylpenicillamine 141 ) and a-bromoisobutyraldehyde (yielding 
a-hydroxy-S-mercaptoisovaleronitrile [2 . 1 . 2), 
1 = C - CH 
I 
OH 
/CH3 
-c ,~ 
SH CH3 
[2 . 1.2) 
which is treated with ammonia to yield penicillaminenitrile 1
4 2) . 
(S)-penici l lamine is recovered in an isomerically pure state from the 
racemate formed in the above syntheses by treatment with a variety of 
alkaloids 143 - 14 5 (thebaine, quinidine, cinchonidine, (-)-ephedrine) 
or other optically active auxiliary bases 146 - 148 ((S)-lysine, (-)-
norephedrine, (R)-(-)-threo-2-amino-l-(p-nitrophenyl)-1,3-propanediol) 
to yie l d diastereoisomeric salts which can be fractionally 
crystallized. The first resolution was achieved by resolving {R,S}-
S . h k 'db . 
149 
-benzyl-N-formyl peni'cillamine us1.ng t e al a l o1. ruc1.ne . In all 
cases the (S)-penicillamine derivatives were obtained as the less 
soluble diastereoisomer . The (R)-isomer , retained in the mother 
liquor, can be quanti t atively racemized 150 by treatment with di l ute 
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HCl to yield (R)-3-formyl-2,2,5,5-tetramethylthiazolidine-4-carboxylic 
acid . Refluxing in toluene containing catalytic amounts of acetic 
anhydride, followed by renewed re solution, leads to quantitat i ve 
recovery of the (S)-penicillamine from a racemic mixture . 
(S)-penicillamine is able to form a variety of complexes with 
the majority of heavy metal ions, particularly those with an affinity 
for sulphur . It can function as a bidentat e chelate, giving rise to 
different linkage isomers depending upon the bonding mode adopted by 
the ,0 and S donor atoms . It form s 1:1, 2:1 or 3:1 bidentate 
ligand - to-metal complexes, or, acting as a tridentate chelate, it 
forms 1:1 or 2:1 ligand-to-metal complexes . These possibilities are 
outlined in Figure 2.1 . 1 . Compl exes a t pr esen t isol a t ed and character-
ized (structurally or spectroscopically) indicate that the principal 
bonding modes involved in the chelation of penicillamine to transition 
metal centres 117 , 15 1- 154 ar c either 2 :1 (N, S) -hound biden t at e ( i ( II ) 
Zn(II ) , Co(II)), 1:1 ( N, S)-bound bidentate (Co(III), Cu(I), Ag(I)) 
or 1:1 tridentate (Pb(II) , Hg(II), Cd(II), Co(III)). 
From the point of view of one possible approach to a template 
synthesis of penicillin on a Co(III) tetraamine nucl eus (outlined in 
the General Introduction) it became desirabl e to obtain a 1:1 ~.o)-
bound bidentate penicillamine Co(III) complex, with a dangling -SH 
group . Attempting the synthesis of the (N 0) [Co( . ) 4(ami noa ci da to )] n+ 
complex b y reactin g (S) -penici. ll amine with [Co( )4 (OH) (P. 20) ) 2 + 
or (Co(N) 4 (DMS0 ) 2 ) 3+ s pec i e s in H20 or DMSO r espec tive l y 
results in the rapid formation of a green-black solution, which 
darkened upon standing to yield a black precipitate. This was 
presumably due to initia l attack on the Co(III) centre by the free 
-SH of the ligand , resu l ting in its decomposition and the formation 
M/~OOH 
'\s--\~~ 
CH3 
(N.S)- bidentate (N,0) -bidentate 
(S,0)- bidentate (N,S ,0)-t r identate 
Figure 2 . 1.1 Possib l e bondi ng modes for penicil l amine - me t a l che l a t e 
comp l exes . 
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of cobaltic sulphide and other polysulphides. This contrasted 
markedly with work done by Kothari and Busch in 1969 with cysteine 
in which, using basically the method outlined above, they obtained 
the ( N, S) -bound che l ate species in greater than SO% yield . 131 Other 
attempts to repeat this work 117 have also failed. 
The thiol of the penicillamine ligand can be protected by 
dimerisation to the <lisulphide [2.1 . 3] 
(CH~) 2C - S 
I 
-s - C (CH3) 2 
I 
II2N - r - II 
~00![ 
- C - II 
I 
COO!! 
[2 . 1.3] 
(by oxidation, ith aqueous H20 2 or oxygen) and then reacted with 
Co(II) and the required amine under nitrogen (using the general 
. . d b h1 S 5) . d . . reaction pioneere y Deutsc to yiel , via an internal redox 
reaction, the crystalline (N , S) [Co ( ) 4(penicillamin ato ) ] 2 + complex 
(where ()~is (en)2 117 or tren 1 56 ) . The (N, O) (Co( )t.(penicillaminato)] 2 + 
complex was not observed, and spontaneous conversion of the (N ,S) -
bound species to the required (N, 0)-bound species has not proved 
possible to date. 
A s trategy (outlined in Figure 2 . 1 . 2) commencing "·ith 2, 2-dimethyl -
acrylic acid was devised which was quite unlike the previous organic 
141 
method of preparing penicillamine from this precursor . Reacting 
2,2-dimethylacrylic acid with pentaamminecarbonatocoba lt(III) should 
yie ld the monodentate 0 -bound complex~ which might first be converted 
to the 2 ,2 -dimetliy l oxirancarboxy l ic acid , 2 and then to the 2,2-dime thyl-
thiirancarboxylic acid 3. Ring opening of the thiiran due to attack 
by one of the deprotonated c~ H3 groups 4 on the Co (III) could 
result in the desired bidentate (N,0 )-bound penicil l amine complex 5. 
It was realised at an early stage that synthetic difficulties might 
+ '=<H 
Cl-13 COOH 
l 
2 
3 
/-
4 
CH3 2• 
H SH 
( NH:Jl Co~ H3 
4 "--o 
5 
Figure 2 .1. 2 A po tenti a l synthesis of (l/, O) [Co( 1113 ) 4 (penicillaminato)]
2
+ 
commenci ng 1~i th [Co( 11 3 ) 5C0 3 ] + and 2 , 2-d ime thy l ac r ylic 
acid . 
generate a need to do s ome or all of the reactions to step l via 
regular organic reactions . Wi th thi s i n mind, (S)-2, 2-dimethyl-
thiirancarboxylate was prepared stereospecifically by a recent 
15 7t 
method from (S)-penicillamine in order to ascertain the 
feasibility of the f i nal stage of the reaction 
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There are implici t advantages in carrying out these reactions on 
the coordinated th iiran , rather than the free organic compound: the 
s trong e lectron -wi thdrawing effect of the Co(III)-carboxylate couple 
should i ncrease th e susceptibi lity of the methine carbon to nucleo-
phi l ic attack, enhancing the prospect of specific ring-open ing at that 
point to give the desired product, rather than at the dimethyl-
substitut ed carbon (these possibilities are explored in the Discussion 
section, p. 45) . 
2. 2 . EXPERIMENTAL 
2 . 2.1 INSTRUMENTATION AND GENERAL 
1H NMR spectra were recorded at 100 MHz using a JEOL MH-100 Minimar 
spectrometer on externa l lock using the internal reference sodium 3-(tri-
me thyl sily l )propanesulphonate (NaTPS) . The following abbreviations were 
used to describe multiplicities: sing l et (s) ; doublet (d); broad (b) . 
Visib l e spectra were measured using a Cary 118C spectrophotometer , and 
- 1 - 1 
mo lar absorbtivi ti es (E) were recorded as M cm . Products from 
preparative work were separated on Bio-Rad Analytical Dowex 50W-X2 (200-
400 mesh) H+ cation exchange resin, and Buchi rotary evaporators were 
used to reduce eluates to dryness under reduced pressure . 
2,2-Dimethylacrylic acid used was Aldrich Chemical Co . AR grade , 
m-chloroperbenzoic acid was Eas tman AR grade , and (S)-penicil lamine 
was U.S. Biochemical Corporation AR grade . All so lvents used were 
l aboratory grade reagents . 
t Communication with th author of r efer ence 15 7 r evealed an error in 
the original publication; l.OM HCl should read 0.2M HCl. Thus , 0.2M HCl 
was used in work carried out in th is chapter . 
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2.2.2 SYNTHESIS OF TI-I E COMPLEXES 
Synthesis of [Co(NH3)s(2,2-dimethy lacrylato))(Cl04)2.H20: 
l 7 8 
[Co(NH3)s(C03)) 03 .ll 20 (2.8g, 0 . 01 mole) was dissolved in H20 (SO ml) 
with stirring. To this was added 2,2-dimethylacrylic acid (3g, 
0.03 mole) and the mixture heated (80°C , l .Sh) until the colour 
changed from deep red to bright orange-red. Upon addition of NaC104 
(Sg in SO ml H20) and cooling (4°C, 4h), orange crystals of 
[Co( H3)s(2,2-dimethylacrylato)] (Cl04)2.H20 formed. These could be 
recrystallized from H20/NaCl04(2 .Sg, 88%) . AnaZ .CaZcd . for [C0Cl2Cs 
lh4Ns01i): C, 13.04; H, 5.21; N, 15.21; Co, 12.81; Cl, 15.43. 
Found : C, 13.1; H, 5.6; N, 15.3; Co, 12.9; Cl, 15.6. E:503 91 max ' 
e:: 362 91 (H 20) . 1H iMR spectrum (D 20) : o(ppm) 1.81, 1.96 (d, max 
' 6H, =C(CH3)2); 3.6-4.l(b, 12H, cis H3 ); 5.66(s, lH, H-C=) . 
Synthesis of [Co(NH 3)s(2 ,2-dimethy loxirancarboxylato))(Cl04)2 .H20: 
[Co(NH3)s(2,2-dimethylacrylato)](Cl04) 2.H20 was dissolved in acetone 
(6g , 600 ml) with stirring and m-chloroperbenzoic acid (8 .6g, 2 eq) 
added . Cooling (4°C , 12h) yielded a red-pink precipitate in the 
acetone solution . Filtration, followed by treatmen t of the filtrate 
with more acetone (200 ml1 result ed in further precipitation giving 
an overall yie ld of 4 . 3g (69%) of [Co(NH 3)J2,2-dimethyloxiran-
carboxylato)](Cl04)2 .H20. AnaZ~CaZcd . for [CoCl2C sH2GNs012] : C, 12.61; 
H, 5 . 04; N, 14 . 70; Co, 12.38; Cl, 14.92. Found: C, 12.2; H, 5.0; 
N, 13. 7; Co, 12 . 2; C 1, 15 . 1. e::so2 75 e::348 58 (H20) . max ' max 
1H NMR spectrum 
(D20) : o(ppm) 1.24, 1.36 (d, 6H, >C(CH 3)2); 3.44 (s, lH, li-C(O)C-
3.6-4.1 (b, 1211, cis NH3). 
2 . 2. 3 SYNTHETIC REACTIONS ATTEMPTED 
1 . Attempted syntheses of [Co( H3)s(2,2-dimethylthiirancarboxyl-
2+ ato)] from [Co( H3) 5 (2,2-dimethyloxirancarboxylato))(Cl04)2.H 20: 
(a) NaHC0 3(8.4g, 0.1 mole) was dissolved in H20 (100 ml) and EtOH 
(30 ml) and KSCN (5g, 0 . 005 mole) added slowly with stirring . 
[Co(NH 3) 5 (2,2-dimethy l oxirancarboxylato)] (Cl04)2 ,H20 (0.48g, 0 .001 mole) 
was added and the solution stirred for 6h at 25°C; ~c solution 
remained a red-pink colour throughout . The mixture was quenched 
with HCl(O.lM , 200 ml), sorbed on + Dowex H resin, washed with HCl 
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(O .lM, 500 ml) and eluted with 2N HCl. One red 2+ band was recovered, 
and characteri zed as starting material ( 1H N1R spectrum) . 
(b) Thiourca (0.76g, 0 .01 mole) was di sso lved in H2 0 (100 ml), 18M 
H2S04( l ml) was added with stirring, and the mixture was cooled in an 
ice bath (4°C). [Co(NH3)s(2,2-dimethyloxirancarboxylato)](C l04) 2 . H20 
(0 .96g , 0 . 002 mo l e) was added with sti rring, the ice bath was removed 
and the solution was stirred for 4h at 25°(. The mixture was quenched 
with + aHCOJ (O .11, 200 ml), sorbed on a column of Dowex H resin, 
washed with HCl (0 .11, 500 ml), and eluted with 2 1 HCl. One red 2+ 
band was recovered and characteri ~ed as starting material. 
(c) [Co (NH3) s (2, 2- dimethyloxirancarboxylato)] (Cl04) 2 .H20 (. 96g, . 002 
mole) was dissolved in dry acetone (200 ml) at4°C and 3-methylbenzo-
thiazole-2-thione ( . 37g, . 002 mole prepared by a stan<lard 
method 169 ) was added with stirring. CF3C02H (0.3g , 0 .002 mole) was 
added and the mixture was stirred for 2h at 25°C . The acetone was 
removed by rotary evaporation, and the residue was dissolved in H20 
+ (100 ml) and sorbed on a column of Dowex H resin . Eluting the 
column with 2 I HCl resulted in one red band which was reduced to 
dryness and shown to be starting material ( 1 1! ~IR spectrum). 
2 . Attempted coordination of (S)-2,2-dimethylthiirancarboxylic 
acid (and its sodium salt) with (Co( H3)s(OH 2 )](Cl04)3 and [Co( HJ)s 
(D~ISO)] (C l04 ) 3: 
(S) -penicillamine (5g , 0 .033 mole) was added with stirring to a 
mixture of aN0 2 (6 . 8g, 0 . 1 mole) in HCl (0 . 2 I, 100 ml) at 2S°C After 
effervescence ceased, the mixture was extracted with chloroform three 
times and the chloroform removed under reduced pressure, leaving the 
38 
product as a yellow oil. 1H IR spectroscopy was used to characterize 
the (S)-2,2-dimethylthiirancarboxylic acid and to establish its purity . 
1H NMR spectrum (CDC1 3): o(ppm, reference T1S) 1.75, 1.80 (d, 6H , 
I 
C(C//3)z); 3.48 (s , lH, - CH); 10 . 4 (b , 11-l -COOl/) . 
The sodium sa lt of (S)-2,2-dimethylthiirancarboxylic acid was 
prepared by treating the free acid with one equivalent of arnl, which 
resulted 1n th e formation of a yel low semi-crystalline solid . 
[Co( H3) 5 (0H2)](Cl04)3 - 1 equivalent of HC10 4(6i1, 12 ml) was added 
to a s lurry of [Co( H3) 5 (C03))C l04 (20g , 0 . 066 mole) prepared by the 
published method. 177 The mixture was heat ed at 30°C until effervescence 
ceased and residual CO 2 was removed, the colour having changed from red 
to pa l e pink-orange. After cooling to ~5°C , aqueous aCl04 (50 ml) was 
added and th e mixture cooled 4°C, 16h). The pink-orange crystals of 
[Co(NH3)s(OH2))(Cl04)3 were filtered, washed with ethanol and ether, 
and dried in air (yield 25g, 82%) . [Co( H3) 5 (DMSO)] (Cl04)3 - [Co( H3)s 
(OH 2 )] (Cl04) (lOg , 0 . 022 mole) was dissolved in D ISO (50 ml) and 
heated 80°C, lh) after which time the colour had changed from pink-
orange to a red-mauve colour. The mixture was cooled an<l trituratcd 
wi th a mixture of ethanol and ether (1:4) . The solid material 
recovered was dissolved in water (30 ml) and crystallised using NaCl04 . 
The mauve needl~s of [Co( H3)s(D ISO)] (Cl04)3 (7 .5g, 66%) were filtered, 
washed with ethano l and ether and air dried. 
A typical reaction involved the addition of (S)-2,2-dimethyl-
carboxylic acid (2g) to a stirred solution of the complex in DMSO 
or H2 0 (100 ml). o significant colour changes were noted, so the 
mi ture was heated at 80°C , cooled and decanted into HCl (0.2M, 800 ml) 
resulting in a deep red-brown solution. This ,as then sorbed on a 
column of Dowex 1/ resin and washed with HCl (0. 2M, 500 ml). 
Elution of the column with 2M HCl resulted in the recovery of a 
red-violet 3+ species which was characterized as [Co(NH 3) 5 (0H 2)] 3+, 
with brown-black decomposition products remaining at the top of the 
column. In cases where triethylamine (1 equivalent) was added to 
the mixture before heating, occasionally an orange-brown solution 
+ 
resulted but, upon sorbing onto Dowex H resin and eluting with 2M 
3+ HCl, only the [Co(NH3) s(OH2)] complex was recovered, with 
decomposition products sticking to the top of the column. Tri-
turation of the DMSO reaction mixtures (after cooling) in a mixture 
of ether and ethanol (4:1) resulted in the formation of brown-black 
oils . 
2 . 3 . SYNTHETIC REACTIONS AND RESULTS 
Initial attempts at preparing the 2,2-dimethyloxirancarboxylic 
acid prior to coordination to the metal centre by treating 2,2-
39 
. 158 159 
dimethylacrylic acid with m-chloroperbenzoic acid in chloroform ' 
d 'h Odd' . lGOf.ld an wit H2 2 an so ium tungstate in water ai e . Very low yields 
of the desired oxiran in an impure state were obtained in the first 
case and difficulties in recovery of the reaction product occurred 
using the second method. Success was achieved by first coordinating 
the 2,2-dimethylacrylic acid to the pentaammine Co(III) centre, then 
treating the complex with two equivalents of m-chloroperbenzoic acid 
in acetone , which resulted in the formation of [Co(NH3)s(2,2-dimethyl-
oxirancarboxylato)](Cl04)2.H20 in acceptable yield (~70%). 
The 1H NMR spectra of [Co(NH3)s(2,2-dimethylacrylato))(Cl04)2 .H20 (a) 
and [Co(NH 3) 5 (2,2-dimethyloxirancarboxy l ato)](Cl04)2 .H20 (b) run in 
D20 , are shown in Figure 2.3.1. 
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111 IR spectra of (a) (Co( '11 3 ) 5 (2,2-dimethylacrylato)]
2
+ 
and (b) (Co( 11 3 ) 5 (2, 2-dime th y loxirancarboxy lato)]
2
+ in 
0 2 0 wi h NaTPS (• ) as internal reference . l:}-. indicate spinning sjdebands of the 1100 resonance . 
The spectrum of [Co(NH3) 5 (2,2-dimcthylacrylato)] (Cl0 4 ) 2.H 20 
consists of two singlets at 61 . 81 and 1 .96 characteristic of two 
inequivalent methyl groups on an olefinic carbon, a broad peak at 
63 . 6-4 . 1 due to the four cis-ammi ne groups (the trans-ammine is not 
observed due to its very rapid exchange with deuterium from the 
solvent 020) and a sing l et at 65 .66 characteristic of an olefinic 
proton . 
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The spect rum of [Co( H3) 5 (2,2-dimethyloxirancarboxylato)](Cl0 4 ) 2. 
H20 shows a doublet at 61.24 and 1.36 due to th e diastereotopic methyl 
groups. The broad peak at 63 .6-4 . 1 is due to the four cis-ammine 
groups and again the t,•ans-ammine is not seen due to its fast exchange. 
The singlet at 63 . 44 is due to the proton on the tertiary carbon . 
The compound was stable in 020, and addition of dilute OCl caused no 
change , indicat ing th a t th e diol species [Co( H3) 5 (0COCll(OH) - C(Oll)(CH 3) 2)] 2 + 
was not formed during the original reaction, nor as a result of acid 
cleavage of the oxiran, although reaction with more concentrated acid 
apparent l y re sults in the formation of th e above diol species . 161 
Treatment of the oxiran complex with aqueous sodium hydroxide 
(O . lM), followed by quenching with dilute acetic acid (O.SM1 resulted 
3 + in the formation of [Co(NH3)s (OH2)] , presumably together with the 
free ligand; treatment with ,i i 3(liq )/1 ll 4+ yielded [Co( ·11 3)6] 3+an<l with 
H3(liq)/NH 2 yielded Co metal, due to r educ t ion of the complex and 
disproportionation. 
The conversion of the oxiran to th e desired thi iran 1,as attempted 
on the coordinated oxiran via the classic method of Van Tamelen 162 , 163 
using alkaline thiocyanate, and also thiourea in dilut e H2S0 4
164
'
165
, 
without succes s . A more recent method using 3-methylbenzothiazole-
2 . . . . ' dl 66 1 d . h t -th1one with tr1fluoroacet1c ac1 was a so attempte w1t ou 
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success . These reactions were also carried out on the methyl ester 
of 2 , 2-dimethyloxirancarboxylic acid synthesized from the 2,2-dimethyl-
acry l ic acid methyl ester and m-chloroperbenzoic acid, again with no 
success . 
In an attempt to ascertain the feasibility of at least the last 
s teps in Figure 2.1.2, the attack of a cis ammi ne group on the thiiran, 
(S) -penicillamine was treated with sodium nitrite in dilute Hc1 157 to 
yield (S)-2,2-dimethylthiirancarboxylic acid. Attempts to coordinate 
this compound, and its sodium salt, with [Co(NH3)s(OH)] 2+ in H20 and 
DMSO and with [Co( H3)s(D1S0)] 3+ in DMSO also failed. This may have 
been due to rapid ring-opening of the thiiran prior to coordination, 
followed by immediate attack on the Co(III) centre by the 
sulphur . 
2 . 4 DISCUSSION 
Although attempts to synthesize an (N, 0) -bound Co(III) 
penicillamine complex were largely unsuccessful , it seems worthwhile 
to examine the rationale for attempting the reactions outlined in the 
preceding section and to sugges t possible reasons for the lack of success. 
The initial oxidation step in the formation of oxirans from 
organic peracids has been shown unequivocally to proceed by cis-
addition to the double bond of the olefin, resulting in retention of 
f . . 16 ·; con 1gurat1on. The react ion probably occurs as follows [2 .4.1] 
CH3 H 
"" / / c=== c"" + 
CH3 COO - Co (NH3) s C = 0 
I 
HO - 0 
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@JC! 
I 
C = 0 
I 
+ OH 
[2. 4.1] 
Attempts to prepare the oxiran directly from 2,2-dimethylacrylic 
acid prior to coordination were unsuccessful for reasons outlined 
ear lier (p. 39) . 
Three methods were used to attempt the insertion of sulphur in 
the oxiran-Co(III) complex, although none were successful. It has not ye t 
been possible to add sulohur directl y across an olefinic doubl e bond 
(the substitution of S for O in the oxiran sys tems is relatively 
common 170 ) . The first method, using alkaline potassium thiocyanate 
(van Tamelin 162 ) , is believed to invo l ve th e fo ll owing mechanism [2 . 4 . 2] 
+ 
0 s - c _ N 
R1 0..---c = N 
: H 
"'-/- c/~ s0 
-/ \ R3 R2 
-
R1 H )c -/ 
\I\ 
R2 S R 3 
+ 
= N 
'-"" 
6 0 - C 
[2.4 . 2] 
-
N 
A similar reaction sequence has also been elucidated for the 
second method used, i . e ., reacting the oxiran complex with aqueous 
16 11 
thiourea (addition of acid is not essential to this reaction, 
however increased yields are observed). The overall mechanism in 
43 
both these cases is believed to involve two Walden inver s ions followed 
by a rearrangement. This has been confirmed163 by reacting (R )-(+)-
1,2-dimethyloxiran with thiocyanate which result ed in r ecovery of 
on l y (S)-(-)-1,2-dimethylthiiran, indicating tha t inve r sion had 
occurred at each asymme tr ic car bon. 
The final, most recent method attempted involved treatment of 
the oxiran complex with 3-methylbenzothiazole-2 - thione in the presence 
of trifluoroacetic acid 1 66 which reportedly yields thiirans wi th 
retention of configuration via the following mechani sm [2. 4 . 3]: 
CH 3 
I 
N 
©(s)=s 
R1 S /R3 ~ / "----
/ c ~ 
R2 R4 
SH 
0 
I 
C 
S/ '\-NEB 
------------, 
Me 
R1 O R3 ~ / "'- / H+ + / c c""' 
R2 R4 
Me 
CH3 
+ ©C"\__o Sr-
Me 
[2.4 . 3] 
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This method led, in 1976, to the first metal-substituted thiiran, 
triphenylsilylthiiran, prepared from the corresponding oxiran. 
168 This 
result was encouraging in that thi s method could work on the Co(III)-
substituted oxiran . The 3-methylbenzothiazole-2-thione was prepared 
by the publi shed methods 169 via a two- s tep reaction commenci ng with 
benzothiazole, and reacted with [Co (NH3 ) 5 (2 ,2-dimethyloxirancarboxy-
late)] (Cl04)2 ,H20 in DMSO in the presence of trifluoroacetic aci d. 
The desired thiiran complex was not observed either on a 1H NMR 
or a preparative scale . As well, carrying out the analogous r eac t ions 
on the 2,2-dimethyloxirancarboxylate methyl ester did not give the 
2,2-dimethylthiirancarboxylate methyl ester at any stage. 
Reasons which could account for the overall failure of the 
oxiran-thiiran conversion are not obvious, since the electron-
withdrawing effect experienced by the oxiran centre due to the 
carboxylate-Co(III) coordination should enhance the oxiran centre 
towards addition by a nucleophilic thiiran-forming reagent. 
Possibly immediate attack by sulphur at the Co(III) centre caused 
disproportionation of the ligand and formation of polymeric sulphides. 
It should be noted that a major revi ew of thiirans and their 
. 
170 
. d' d h d 1 preparation published in 1966 in icate tat, to ate , no examp e 
of a thiiran carboxylate or ester derivative had been pr epared . 
Reasons why thi s might be so were not presented, and are not obvious. 
In 1976 a simple synthesis for some chiral thiiran carboxylates, 
inc l uding 2, 2-dimethylthiirancarboxylic acid, appeared. Commencing 
with (S) -penici llamine, a 78% yield of (S) -2, 2-dimethylthiirancarboxylic 
157 
acid (87% optically pure) was obtai ned. This reaction was carried 
out and the resultant thiirancarboxylic acid ( 1H NMR spectrum) 1as 
reacted with pentaammine Co(III) complexes in an attempt to produce the 
(N, 0)-bound bidentate penicillamine comp l ex . The reaction was also of 
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interest if an addition reaction occurred, since attack by a 
neighbouring cis ammine on the thiiran in base could yield two 
different isomeric species (with concomitant enantiomers) depending 
upon the site of ring-opening of the thiiran chelate (Figure 2. 4 .1). 
If path B was the r eaction pathway , i t was not c l ear t ha t the chelate 
would remain (N, 0)-bound, and inversion to an (N,S)-bonded species 
was also a possibility. 
For asymmetric organic thiirans, Sander in his review article 17 0 
discussed addition reactions to thiirans and formulated the following 
description: add i tion to the primary carbon is "nor ma l addition"; 
addi ti on a t th e opposing car bon is "abnor ma l". This is outlined 
be l ow [2 . 4 .4) 
R1 SY 
"" I + XY---- /C - CR2R3X 
H 
"onnal addition" 
[2 .4.4) 
H 
"Abnormal addition" 
Nucleophilic addition results in "normal" ring-open i ng, while 
electrophilic additions cause "abnormal" ring-opening. Mixtures of 
both possible isomers are not obtained in ring-opening reactions of 
organic thiirans, product formation being exclusively one or the other 
isomer. This is in contrast to the ring-opening of asymmetric oxirans 
where mixtures of both addition products are frequentl y isolated . 
There is some confli ct in the literature regarding the addition of 
amines to thiirans . Aqueous ammonia usually gives rise to polymeric 
Path A 
Figure 2 .4 . 1 
Path B 
CH 2· 
C~=O 
3 ~ / 
NH2 0 
~ ct" 
IN.Q I IN,S) I 
rearran~nt 
H 2. 
IN~ ICo,,,..N~cc~ 
'1, "' ~_H 
S C°zH 
The products which might arise as a result of at tack 
by coordinated amide on coordinated 2, 2-dirnethy lthiiran-
carboxylic acid. 
I . d I 7 I h. sulp11 es, w 1le the reaction of anhydrous ammonia is yet to be 
described. According to Reppe and . l . 1 72 lCO a1 , addition of primary 
and secondary amines occurs in the "abnormal " fashion although no 
evidence supporting this assumed mechanism is presented . Snyder 
et al 173 , however, carried out similar reactions with primary and 
secondary amines at 100°C, and maintained that ring-opening occurred 
in the "normal" fashion, since the only product obtained from 
2,2-dimethylthiiran was the tertiary sulphide, [2.4.Sl. 
R2N - CH2 - C(CH3)2SH [2 .4.S] 
Since 1948, when this work was done, other, contradictory results 
1 6 7,174,175 have appeared. However, Sander concludes from the more 
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recent literature: "Ring opening of asymmetrical thiiranes obeys the 
"normal" mechanism 1,ith nucleophilic attack at the primary carbon . . ... 
high basicity of the amine and high polarity of the solvent promote 
1 • • f h h • • II 17Q po ymer1sat1on o t e t 11ran . 
In the light of these observations, it would appear quite 
feasible that attack of a cis amrnine upon the coordinated thiiran 
should follow path A outlined in Figure 2.4.1, resulting in th e two 
enantiomeric (N O) -bound penicillamine complexes shown . The 
possibility of stereochemical regulation by control of the addition 
of the ci amrnine to the ring-opened thiiran led us to conclude that 
this synthesis might I ell represent a facile stereospecific synthesis 
of penicillamine . Discussion of the possible asymmetric syntheses 
resulting from addition to asymmetric thiirans is notably absent from 
the literature, as is the case for the ring-opening rcac ions of 
asymmetric oxirans, although the few examples given for oxirans 
indicate ring-opening occurs with complete inversion of configuration, 
indicative of an SN2 mechanism. 176 ' 177 If the same I ere true of 
thiirans, then the desired stereospecificity of th e thiiran ring-
opening on the chelate is a very real possibility. 
Unfortunately attempts to coordi nate the prepared (S)-2 ,2-
dimethylthiirancarboxylic acid (and its sodium salt) with [Co(NH3)s 
(OH2)](Cl04) 3 in wa ter and in dimethy lsulphoxide and with [Co(NH3)s 
(DMSO ](Cl04 )3 in dimethylsulphoxide were not successful , resulting , 
i n the main, in polymeric cobalt sulphide complexes, or in the case 
of attempted chromatographic resolution of the react ion mixtures, 
r ecovery of the [Co (NH 3) 5 (0H2) ] 3+ species in smal l yield . 
47 
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CIIAPTEI< 3 . TIIE OF TIIE (N, 0) [ Co ( en)2 ( (R) cysSII)] 2 + 
AND RELATED COMPLEXES 
3 . 1 INTRODUCTION 
Much of the work carried out in this chapter arose from the 
results of work done by Dr . W. G. Jacksont. Some of this work has been 
pub l ished 179 - 182 or is in press 183 , 18 " . 
The reasons for requiring a facile synthe tic route to the general 
species [3 . 1 . 1] 
Sil 
[3.1.1] 
are outlined in the general introduction to this thesis and will not 
be reiterated here . An unsuccessful approach to the solution of this 
problem was outlined in Chapter Two . Another , successful approach, 
which is described in this chapter, was to examii1e some reactions of 
the (N, S) [Co(en)2((R)cysS)] 2+ complexes. Analogous chemistry was in 
many cases carried out on the (ll, S) [Co(en)2((S)penicillaminato)] 2+ 
complexes 117 . 1loh1ev r, this 1,ork h1ill not be described due to its 
simi l arity to the (N S) [Co(en)2((R) cysS)] 2+ system . 
The (N,S) [Co(en)2((R)cysS) ] 2+ species has been known for some 
time 131 ' 1 32 . llowever, recently the syntheses have been improved and 
their detailed s tereochemi s try examined for the first time 117 . 
The susceptibility of these complexes to oxidation at the 
coordinated su l phur, us ing a variety of oxidising agents such as 11202, 
Cl2/D~1SO, Clz/1120, Br2/II20, (Cll3CO) 20/0~ISO and (CF 3CO) 20/IJ 1S0 100 ' 18 "' 185 , 
and to alkylation at coordinated ulphur with alkyl halides
179
,
186
-has 
be n examined . The reaction between (NS) [Co(en)2((R)cysS)] 2+ and 
acetic anhydride/DISO yields a species in which the desir d (N,0 )-bound 
t Present address: Chemistry Depar rnent, University of . S . W., Faculty of 
~lili t ary Studies, Duntroon, Canberra, A.C.T. , Australia, 2600 . 
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bidentate configuration has been a chieved 180 . In this compound the 
free sulphur is incorporated in a chelate attached to a nitrogen of 
ethylenediamine involving the novel quadridentate [Co(en) (S- (2 -ami no-
ethylamino)(R)cysS)]2+ species (henceforth [Co(en) (sulphenamide ) ] 2+) , 
shown in Scheme 3 . 1.1 . 
The proposed 180 mechanism for sulphenamide formation is outlined 
in Scheme 3.1 . 2 . Initially the oxygen of DMSO is acetylated by acetic 
anhydride to yield the sulphoxonium ion.!_. Attack of this ion on the 
coordinated mercaptide of the cysteinato complex yields the di sulphide 
cation intermediate 2 and acetate. A good leaving group i s thereby 
generated since the coordinated Sis now positive, and the free 
carboxylate is able to coordinate at this site to yield the (N,0) -
bound disulphide species l· Acetate in the DMSO solution i s ab l e t o 
deprotonate one of the ethylenediamine nitrogens resulting in the 
coordinated amide_!, a strong nucleophile,which cleaves the disulphide 
linkage to give the sulphenamide complex~ and dimethyl sulphide. It 
should be noted that the chirality of the methine carbon of the 
cysteine determines which of the two possible ethylenediami ne nitrogen 
atoms is attacked in the step_!-~-
This reaction is important from a synthetic viewpoint since 
organic sulphenamides are elusive species, f i r s t syn th esized 
in 1939 187 . Few aliphatic sulphenamides have been described
188 
although trisubstituted sulphenamides can be prepared by reacting 
. . h d . 189 [3 1 2] alkanesulphenyl th1ocyanates w1 t secon ary amines . . . 
RS - SCN + 2R2 NH - RS - NR 2 + R2NH . HSCN 
a trisubstitued 
sulphenamide 
[3.1.2] 
Disubstituted sulphenamides of the type RS - HR are even less well-
~-s 
l 
H 
.6[Co(en) ( (S) 2-aminoethylamino) (R)cysS]2• 
/\ [Co(en) (ffi)2-aminoethylaminoH.8JcysS 12• 
Scheme 3. 1.1 The t10 observed isomers of (N, O) (Co(en)(sulphenamide)] 2 +. 
..2. 
Schem e 3.1.2 
J_ 
Cf-\co; 
The proposed 180 mechanism for th e formation of 
(N O) [Co(en) (sulphenamidc)] 2 +. 
so 
known, since this reaction cannot be carried out with pri mary amines. 
Bis(ethylenediamine)Co(III) bidentate complexes wi th a third 
bidentate species occupying the two outstanding coordinat i on s ites are 
r ender ed chiral at coba lt; A and 6 enanti ome r s exis t (in accord with the 
IUPAC nome nc l ature of 1970 19 0 ) , and are shown in [3 .1 . 3). 
(3 . 1.3) 
6(Co(en)2(XY)) n+ A[Co(en)2(XY)) n+ 
The chelated sulphenamide complexes contain three chiral centres: 
the methine carbon of the cysteine, the coordinated nitrogen of the 
ethylenediamine moiety involved in the sulphenamide linkage and the 
Co(III) centre itself. The stereochemistry of the possible diastereo-
isomers is of major interest and current knowledge is outlined. 
Of the eight diastereoisomers possible in the complex, four 
isomers can be eliminated, since the proton on the meth i ne carbon of 
the cysteine does not invert during the synthesis . 1H NMR spectral evid-
ence demons tra t es th at this p r ot on does no t exchange with deuterium in 
acid or basic solution . 15 6 However, inversion can occur at the Co(III ) 
centre in basic media, resulting in an equilibrium situation 
6 (S) ~ A(R)183 • The coordinated chiral sulphenamide nitrogen is 
~ 
quite acidic in comparison with the remaining ethylened iamine 
nitrogens (pKa ' s - 16), and exchanges its proton rapidly, even in strong 
acid 191 • Inversion at this nitrogen in the deprotonated form occurs 
r eadily and,while this is intimately involved with the inversion 
(6 ~ A) at cobalt, it is not clear if inversion at nitrogen precedes, 
~ 
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or is synchronous with,cobalt inversion. 
The kinetics of the mutarotation in base of the [Co(en) (sulphen-
ami de )]2+ com~lexes are examined in this chapter in order to gain an 
insigh t into the t ype of mechanism involved in the inversions at 
nitrogen and cobalt outlined above, and to try to explain the more 
unusual aspects of the stereochemical regulation in these reactions. 
The possibility of converting the [Co(en) (sulphenamide )] 2+ complex 
to a chiral (N, 0)-bound free thiol complex by reduction of the 
sulphenamide linkage was now quite real, and to thi s end the suscepti-
bility of the chiral sulphenamide complexes to a variety of r eductants 
was examined. Reduction using excess borohydride at pH 7 results in 
two orange products: 181 the first product, a minor 2+ species , has 
been characteri zed as the (N, O) [Co(en)2((R)cysSH)) 2+ complex, while 
the second major product, a 4+ species, has been structurally 
characteri zed as the (N, O)[Co(en)2((R)cysS))2 4 + disulphide complex . 
The mechanism proposed to account for these observations involves 
i nitial cleavage of the sulphenamide N-S linkage via a 2e r eduction 
to yield the free thiol species [3 .1. 4). H:C /N SH 
(en) 2Co "" 
0 0 
2+ 
[3.1.4) 
This can attack another sulphenamide molecule to yie ld the dimeric 
species [ 3 .1. SJ 
~2x: ):~2 / S-S ~
(en) 2 Co ~ / Co(en) 2 
o o a:::?' o 
4+ 
[3.1.5) 
and explains the low yield of the 2+ species observed. Aerial 
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oxidation of the 2+ free thiol speci es to the 4+ dimer has been ruled 
out experimentally (stable in air, pH 0-7, 'vlOOh ) . 
The attack of free thiol on a sulphenamide is known in 
organic chemistry, where asymmetric disulphides can be syn t hesized 
from free th iol in a two-step r eaction involving a sulphenami de 
i ntermediate as shown 196 [3.1. 6] 
RSH + RI CN == NCR I R'CN (H) - NC(SR)R' 
Sulphenamide 
i ntermediate 
)R" SH [3 .1. 6] 
H H 
RSSR II + RI CN - NCR I 
Azides have also been found to react wi th thiols, in the presence of 
Cu(I) catal yst, to yield disulphides via a sulphenamide intermediate 
which can be isolated 197 • It is worth noting that the metal ion is 
involved in every step of the reaction. The following mechanism, 
Figure 3.1.3, has been suggested, involving nitrene insertion into a 
Cu( I) thiol complex. 
The formation of (N, O) [Co(en)2((R)cysSH) ] 2+, and th e dimeric 4+ species 
is stereospecific, with retention of confi guration obse rved at the 
methine carbon of the amino ac id and a t th e cobalt. Both Mand 66 
dimers have been prepare~ from A and 6(N, O) [Co(en)(sulphenamide)] 2+ complexes 
respectively, and the mixed A6 dimer prepared by treatment of the 
6(N, O) [Co(en)(su l ph nami de) ] 2+ complex with the A(N, O) [Co(en)2((R)cysSH) ] 2+ 
comp 1 ex 1 8 1 • 
2 -
Reduction of the sulphenamide complexes with dithionite (S20~ ) 
i n acidic or neutral solution r esults largely in the 4+ di su lphide 
dimer (>80%) with two minor orange products a l so formed. The first, a 
l+ species , has been characteri zed as the th i olsulphonato complex [3.1.7] 
R'SH Cu1 .. cJsR' 
RSH l N3R 
RN:~ cL1-SR' + N2 i 
HSR' 
Cl I ~ - u-N-SR 
t I 
HSR' R 
RNHSR' + Cu1SR' 
Figur 3.1 . 3 The proposed 197 mechanism for the synthesis of 
disu l phides via a sulphcnamide intermediate . 
l+ 
[3.1.7) 
and the second product, a 2+ species, has been characterized as the 
(N,O) [Co(en)2((R)cysSH)]2+ species . 
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While bo th of these reductants resulted in the partial production 
of the desired (N, O) [Co(en)2((R)cysSH)] 2+ species , they were deemed unsatis-
factory for large scale synthetic purposes and a more direct, quantitative, 
synthesis of the free thiol complex from the [Co(en)(sulphenamide)] 2+ 
complex was sought . Stronger reductants such as acidic BH; or zinc 
dust in HCl could not be used since they reduce Co(III). The mild 
reductant Sn 2+/HC1 was examined, and the results are outlined. 
It was noted earlier in the General Introduct ion that 13 amino-
thiols react with aldehydes and ketones to form thiazolidines [3.1 . 8) 
R 
I 
R '- C - SH 
I 
R"- C - NH2 + 0 
I 
R"' 
[3.1.8) 
The condensation of (N, 0) [Co(en)2((R)cysSH)] with aldehydes and 
keto nes has been studied in this chapter with the aim of developing a 
stereospecific synthesis for chiral chelated thiazolidines. With this 
in mind, th e (N,O) [Co(en )2((R)thiazolidine-4-carboxylato)] 2+ and p(N, 0)-
[Co(tren) ((R)thiazolidine-4-carboxylato)] 2+ complexes were synthesized 
directly from (R)thiazolidine-4-carboxylic acid and characteri zed for 
comparison . 
3.2 EXPERIME TAL 
3.2 . l INSTRUMENTATION AND GENERAL 
1H NMR spectra were measured using a JEOL Minimar 100 MHz 
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spectrometer on external lock . Proton chemical shifts were related 
to the internal reference sodium 3-(trimethylsilyl)-propanesulphonate 
(NaTPS) . Fourier transform 13 C NMR spectra were measured using a 
JEOL JNM-FX60 spectrometer (15.04 ~l z) with an internal lock (0 2 0). 
1 3C chemical shifts were related to the internal reference dioxane. 
The following abbreviations were used throughout to describe 
multiplicities: singlet (s), doublet (d), triplet (t), quartet (q), 
mu l tiplet (m) and broad (b). 
Spectrophotometric measurement s were made using Cary 14 and 118C 
recording spectrophotometers . Molar absorptivities (E) 1,crc recorded 
- I 
cm Optical rotatory dispersion (ORD) spectra were measured 
in a 2 cm cell using a Perkin-Elmer P22 recording spectropolarimeter. 
I 1 
lolar rot at i.on · r t] were recorded at 20°C :is deg : l- m - . ,\ 
rapid mixing device was used for measurement of rates d01m to t.k"-'Ss . 
2 
This consisted of a small Teflon stopped flow mixer , which introduced 
the solutions into a Helma QS flow-through cell (1 cm), via two Teflon 
syringes (delivery volume 5 ml). Both syringes could be filled 
independently and the reservoirs, syringes, cell and mixing chamber 
were maintained at 25 ± 0 .1 °C by circulated water (Haake pump) from a 
reservoir with an external thermosta 
rH measurements were made using a Radiometer model 26 pH meter. 
Glass electrodes (G202B type) were standardized with phosphate 
(pit 6 . 86; 2S°C) and borate (pH 9 . 18; 25°C) buffers. A saturated 
calomel el ctrode (K4112), coupled with a a 03(0.2 ~l)- H4 03(1.6 M) 
(pi t 7) salt bridge,was used as the reference electrode and samples 
(under nitrogen) 1ere hermostatted at 25±0.1°C . 
Products from equilibrium and synthetic experiments were separated 
on Bio-Rad Analytical Grade Dowex 50W-X2 (200-400 mesh, 
+ + 
a or H form) 
or on Sephadex SPC-25 ( a+ form) cation exchange resins . A Buchi 
rotary evaporator was used to effect rapid reduction of eluates to 
dryness under reduced pressure . 
In preparative work, anhydrous (R)cys tine was Sigma Chemica l 
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Company AR grade, DMSO was Mall i nckrodt LR grade and acetic anhydride was 
Univar LR grade. 
3.2 . 2 SYNTHESIS OF THE COMPLEXES 
1. A(N, S) (Co(en) 2((R) cysS) ] (Cl04) 2 .H20: A solution of Co(Cl04) 2.6H20 
(36 .6g, 0.1 mole) in H20 (100 ml) was deoxygenated by passage of N2 
for 30 min . A solution of (R,R)-cystine (12 .0g, 0.05 mole ) and 
ethylenediamine (18.0g, 0 . 3 mole) in H20 (150 ml) was treated similarly 
and the amino acid solution mixed rapidly with the Co(II ) solution 
under N2 . The colour of the solution changed rapidly from pink to 
brown and crystals formed. After cooling (4°C, 24h ) the product was 
filtered, washed with ethanol and ether and air dried. Recrystalli zation 
from H20 (100 ml, 60°C) and aC104 resulted in A(N, S)(Co(en)2((R)cysS) ] 
Cl04 (35 .5g, 90%). The 2+ complex, protonated at the free carboxylate 
of the amino acid, was prepared from the l+ species as follows : HCl04 
(11.6 M, 20 ml) was added in one portion to the l+ complex (35.5g), 
partially dissolved in H20 (100 ml, 60°C) and the deep brown solution 
filtered rapidly. Excess HC104 (11.6 M, 40 ml) was added and the 
mixture cooled (4°C, 4h) to yield chocolate-coloured crystal s . These 
were filtered, washed with ethanol (4°C) and ether and air dried to 
yield A(N; S) (Co( en)2( (R) cysS) ] (Cl 04)2 .ll 20 (35 . 6g, 85 %) . Ana l. Ca fod . 
for [CoC1 2C7H24 N50 1 i]: C, 16.28; H, 4.69; N, 13.57; S, 6.20; Co, 11 . 42; 
Cl, 13. 76 . Found: C, 16.3; H, 4.9; N, 13.4; S, 6.0; Co, 11.2; Cl, 13.7. 
e 484 135, E:'vh360 314 (H 20), (M] 4277 - 2804 (H 20). 
1H NMR spectrum (D20): 
mu s o 
o(ppm) 2 .44-3. 24 (b , 8H, en -CH2-); 2.50, 2.57 (d, 2H, -CH2 -S-); 3.87, 
3.92, 3 . 97 (t, 11-1, -CH-CH2-S-); 4.12 - 4 .60 (b, 8H, en -NH2-) . 
13C MR 
spectrum (D 20): o(ppm) + 106. 7 (-COOH); -4.2 (- H2-C'H-); -20.5, -21.3, 
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-21.8 , -22.9 (en -Cl-12-); -34 . 8 (-Cl-12-S-) . 
2. 6(N,S) [Co (en)2((R)cysS) )(ClQ4)2.H2O: Commencing with CoC1 2.6H 20 
(24g , 0.1 mole) in place of Co(ClO4)2 .6H2O and carrying out the 
procedure outlined above resulted in the formation of a homogeneous 
isomeric mixture of A and 6 complexes. The mixture was diluted to 41 
with water, acidified to pH 1 (2M HCl, SO ml) and sorbed on a column 
(80 mm x 600 mm) of Dowex H+ resin. After washing with H20, the 
co lumn was elut ed with sodium phosphate buffer (pH 6.86 O.SM in Na+, 
41) and the brown band separated into two large brown-black bands. 
The first band was collected, diluted with H20 and resorbed on fresh 
Dowex H+ resin . After washing with H20 (11) and HCl (O.2M, 11) to 
remove Na+, the column was eluted with HCl (2M, 21) and the 2+ product 
obtained reduced to dryness . HClO4 (11 . 6M, 20 ml) was added to yield 
chocolate needles of 6(N, S)[Co(en)2((R)cysS) )(ClO4)2.H2O (3Og, 60%) . 
Treatment of the second band in a similar fashion yielded A(N, S) 
[Co(en)2((R)cysS)](C l 04) 2.H 20 (1Og , 20%) . The data below apply to the 
6 complex . AnaZ . CaZad . for [C0Cl2C1H24 s011] : C, 16 . 28; H, 4.69; 
N, 13.57; S, 6.20; Co, 11.42; Cl, 13.76. Found: C, 16.5; H, 4.7; 
N, 13.5; S, 6.1 ; Co , 11 .1; Cl, 14.1. s 484 130 £~
360 353 (H2O); 
max ' sh 
4 8 3 1 [M)2 0 + 9703 (1-1 20). H NMR spectrum (D 20): o(ppm) 2.64-3.20 (b, 8H, 
I 
en-CH2-) 2 . 50, 2.57 (d, 2H, -CH2-S-); 3.80, 3.85, 3 .91 (t, lH -CH-CH2-S-) 
3. 92-4 .36 (b, 811, en- H2-) . 13 C MR spectrum (D20) : o(ppm) 
I 
+ 106 . 7 (- COOH); -3,4 (- H2-CH-); -21 .0, -21.6, -22 . 1, -22.9 (en-Cl-12-) 
-35 .8 (-Cl-12-S-). 
The synthesis of ti(S) and l\(R) (N, O) [Co(en ) (su l phcn.1r1idc)1 2 + 
comp l exes was carried out as follo1vs: 
1. 6(N, O) [Co (en) ( (S- (S) 2-aminoethyl amino) (R) cysS)] (Cl04) 2- Racemic 
(N, S) [Co( en) 2((R)cysS) )(ClO 4) 2.H 2O (1Og, 0 . 02 mole) was dissolved in 
DMSO (100 ml) with stirring,and acetic anhydride (20 ml) added in one 
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portion . Upon s tanding (20°C, 16h) in a fumehood ((CH3) 2S is 
evo lved ) , t he solution changed from deep brown to a red-orange colour . 
This solution was diluted with H20 (2£) , sorb ed on a column of 
+ Dowex H resin and washed with water (800 ml ) . Elution with HCl 
(2M , 2£) yielded an orange 2+ band which was reduced to dryness. 
HC104 (6M, SO ml ) was added and the so lut ion cooled (4°C, 16h) to 
yiel d orange needl es of 6(N,O) [Co(en) (S-(5)2-aminoethylamino)(R)cysS)) 
(C l04) 2(8g, 80%) which were filtered, washed wi th ethanol and ether 
and dried in air. Anal .Calcd . for [CoC 12C7H20 N50 10 S]: C, 16.92; 
H, 4 .03; N, 14.11; S, 6 . 45; Co , 11.87; Cl, 14 . 31. Found: C, 16.8; 
H, 4.1; N, 13 . 6 ; S, 6.6; Co, 11. 4; Cl, 14. 8. e: 486 144, [M]~~o -5175 max 
(10- 1t-1 IICl) . 1H NMR spectrum (10- 2M DCl): o(ppm) 2. 6- 2.84 (b , 6H, 
en-CH2-)2 . 88-3.12 (m, 2H, -Q-/ 2- of en a to N-bound sulphenamide); 
3.20 (d), 3.36 (d), 3.82 (s), 3 . 98 (s) and 4 . 08 - 4 . 24 (b, -S-Q-/ 2- and 
-CH- , ABX pattern); 4 . 3-4.6 (b , 6H, en-CH 2-); 5 .90-6 .1 6 (b, 2H, -NH 2 -
ami no ac i d). 13 C NMR spectrum (10- 2M DCl) : o(ppm) + 115.S (-COO); 
' ' 
-10 .4 (-CH-CH2S) ; -11 . 6 (-CH2-NH-S-); -21.0, - 23.2 (en-CH2-); -32.5 
' (-CH2 -S-NH-) . 
2. A(N , O) (Co(en )(S-(R)2-aminoethylamino)(R)cysS))(Cl04)2: A thick 
slurry of th e 6 isomer (5g, 0 .01 mole) in 1120 (10 ml) was 
stirred at 20°C . To this was added a pre-coo l ed (0°C) mixture of 
diethylami ne (0 .77g , 0.015 mole) and NaC104 (Sg) in H20 (30 ml ) . 
Ins tantl y the s lurry disso lved t o yie ld a deep wine-red solution of 
the deprotonated sulphenamide complex. Upon cooling (4°C, 2h) , 
crys t als of A(N, O) [Co(en)((S-(R)2-aminoethylamino)(R)cysS))Cl04 could 
be isolated. Addition of HC10 4 (11.6M, 30 ml ) and cooling (4°C, 3h) 
caused the orange ye ll ow of the 2+ species to reappear and yielded 
crys t a l s of A(N,O) [Co(en)((S-(R)2-aminoethylamino)(R)cysS)] (Cl04)2 (4.4g , 
88%) which were fi ltered, washed with ethanol and ether and air dried. 
Anal .Calod . for [CoCl 2C1H20Ns010S]: C, 16.92; H, 4.03; N, 14.11; 
S, 6.45; Co, 11.87; Cl, 14.31. Found C, 17.1; H, 4 .4; N, 13.8; 
S, 6.3; Co, 12.0 ; Cl, 14.S. E:~:: 134, [Mn5 6 + 437, [M]ir - 9464 
cio- 1M IICl ) . 1H NMR spectrum (10- 2M DCl): o (ppm) 2.68-2.84 (m, 2H, 
-CH2- of en a to N-bound sulphenamide); 2.88-3.0 (b, 6H, en- CH2-); 
' 3 .16-3 . 48 (m), 3.80 (s), 3.96 (s), 4.0-4.16 (m) (-S-C H2- and -C H-, 
ABX pattern); 4 . 6-5 .4 (b, 6H , en-NH2-); 6.60-6.72 (b, 2H, -NH2-
amino acid). 13C NMR spectrum (10- 2M DCl): o(ppm) + 115.1 (- COO) ; 
' ' 
-10.4 (-CH-CH 2S-); -10.9 (- CH 2-NH-S-); -21.8 , -24.0 (en--CH2-); 
' 
-36 . 4 (-CH 2-S-NH-) . 
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3. b.(N, O) [Co(en) z( (R)cysSH)]S20G ,ll20: t:.(N, O) [Co(en) (sulphenamide)] 
(Cl0 4) 2(4.7g, 0 .01 mo le) was dissolved in H20 (SO ml) and the solution 
added slowl y to a mixture of SnC1 2 (11.8g, 0.1 mole ) in HCl (12M, 
400 ml). The solution became pink and a fine white precipitate formed 
which di ssolved upon stirring (20°C, 24h) . After standing (~lOOh, 
20°C), the solution was diluted with water (0°C, 6 l) and sorbed on a 
column (600 mm x 100 mm) of Oowex H+ resin and washed with water (2 1) 
and HCl (0 . 2M) to remove Sn. Elution with 2M HCl (l i) yielded a major 
(>90%) orange 2+ band followed by an orange 4+ band (~10%) whi ch 
eluted with 3M HCl. The 2+ species was reduced to dryness and 
crystalli zed from H20 with LizS206 and ethanol, to yield orange blocks 
of b.(N, O)[Co(en) 2( (R)cysSll ) ]S2 06 . H20 (4 . 2g , 88%) which 1ere fi lt ered , 
washed with ethano l and ether and dried in air. Anal .Calod . for 
[CoC11-124 N5 09 S3]: C, 17 . 61; H, 5.07; N, 14.62; S, 20 . 13; Co, 12.35, 
Found: C, 17.S; H, 5.0 ; N, 14.6; S, 20 . 2; Co, 12.2. E:;:; 102, 
3 4 6 ( ) [M] 2s o4 s + 3556 (H O) E: max llS H20 ' 2 . 1H NMR spectrum (10-
2 M DCl): 
o (ppm) 2 . 68-3 . 02 (b, 8H , en-C H2 -); 3 .06-3 .16 (t), 3.24-3 . 60 (m), 
' 4.20-4 .88 (m) (-C H2-SH and - CH-, ABX pattern) ; 5 .10-5 . 76 (b, 8H, en 
-NH2-); 7 . 2-7 . 4 (b , 21-1, -NH2- amino acid) . 13C NMR spectrum (0 20) : 
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I 
o (ppm) +116.4 (- COO ); -7.0 (-CH-CH 2SH); -21.0 , -21.7, -23 . 0 (en-Cl-1 2-); 
-40 .1 (-CH2-SH ) . 
The minor orange 4+ product was reduced to dryness and 
crystalli zed from H20 with 1~104 (1 1. 6M, 10 ml) to yie ld A,A(N , O) 
[Co( e n)2((R)cysS - ) ]2(Cl 04)4 . 21120 (0 . 3g, 7%) which was filtered , 1>•ashcd 
wi th ethanol and e ther and dried in air . Anal.Ca"lcd . for [CoC1 4 C14 
H4G 100 22 S2]: C, 16.34; H, 4 .51; N, 13 . 62; S, 6 . 23; Co, 11.46; Cl , 13.79. 
Found: C, 16.4; H, 4 . 5; N, 13 . 2 ; S , 6 . 4 ; Co, 11.4; Cl, 13.4. 
E:
483 
204 , E:
348 
245 (H20) . 
max max 
5 4 3 [M]2o 10,190 (1120) . 1i-1 MR spectrum 
(020) : o( ppm) 2.70-3 .1 2 (b, 8H , cn-CH2- ); 3 . 20-3.60 (m), 4 . 20-4.32 
I (m)( - CH2 -S- and -CH-, ABX pattern); 4 . 80-5.10 (b, 8H, en - H2 - ); 5 .28-
5 . 60 (b, 2H, - H2 - amino acid) . 13C MR spectrum (020): o(ppm) +116.6 
I 
(- COO); -10.1 (-NHz- CH - ) ; - 20 . 8, - 21.6, - 22 . 6 (en- Cl-12 - ) ; - 27 . 8 
( - CH2 -S-S-). 
4 . ti( N, O)[Co(en)2((R)cysSII)] 206: Trcatmen of he ti(.V O)[Co(en)(S-(S) 
] 2+/ . 2-ami no e th y lamino )(R)cysS) (C l 0 4)2(4 . 7g, 0 . 01 mole ) wi th Sn HCl in 
identical fashion to th at outlined for th e A isomer yielclccl ti(N, O) 
[Co (en) i( (R) cysSII) ] S206 (yie l d -90%) . Anal . Ca led . for [CoS 3C1II 2 oNsOe l: 
C, 16 . 97; H, 5.30; , 14 .14; S, 19 . 39 ; Co, 11.91. Found: C, 17 . 6 ; 
48 2 347 
H, 5 . 2; N, 13 . 9 ; S, 19.9 ; Co, 11 . 3. E: 102, E: 115 (H20). 
max max 
5 4 2 2 [M]2o 3461 (H 20) . 1H 1R (10- M OCl): o(ppm) 2 . 72-3 . 04 (-C H2 -en); 
3.10 (t), 3 . 20 -3. 84 (m), 4 . 30 (d) (-C l/2-SH and -CH , BX pattern) ; 
4.88-5 . 40 (b , 8H, - l/2-en); 6 . 4-6 . 56 (b, 2H, - H2 - amino acid) . 
13C NMR (0 20): o (ppm) +11 6 . 5 (- COO ) · -8.1 (- H;. -) ; -21.7, -22 . 6 
(en- 2-); -40.0 (- 2-S). 
A minor orange 4+ product ( 10%) was also recovered from the 
colwnn, reduced to dryness and crystalli zed from wa t er and 6.1 HClO., 
to yield ti , ti( N, O) [Co(en) 2 ((R)cysS-)]2(Cl04)4 . 41l20 . Anal . Calcd. for 
[CoC1 4S £C14 H~ 0 10 0 2.,]: C, 15. 79 ; H, 4 . 74 ; , 13 . 16; S, 6 . 02 ; Co, 11. 09 ; 
60 
Cl, 13. 35 . Found: C, 15 . 9; fl, 4.4; , 13.1; S, 5 . 9; Co, 11.0; Cl, 14.0 . 
484 398 543 
E:max 215, E:max 277 (H20). [M] 20 -10,390 (H20) . 1H MR (0 20) : o (ppm) 
2 .68-3. 08 (b, 8H, -CH2-en) ; 3 . 12-3.56 (m), 4.04-4.32 (m) (-C H2-S- and 
' 
-CH- , ABX pattern) ; 4.60-5 . 00 (b, 8H, - H2-en); 5 . 20-5.40 (b, 2H, 
-Nl/2-ami no acid) . 13C NMR (020): o (ppm) +116.9 (- COO); -10.9 
H2 , 
(-N-CH-); -21.7, -22 .6 (en- CH 2-); -27.1 (-CHi-S- S- ) . 
The Reaction of L'i(N ,O)[Co(en)z((R)cysSll)]S20G , ll20 1vith Carbony l Compounds: 
1. The complex (3g, 0 . 006 mole) was dissolved in acetate buffer 
(pll 4 . 8 , 50 ml) with stirring, aqueous formaldeh yde (37% w/w) added 
(4 . Sg , 0 . 06 mole) and the mixture allowed to stand (20°C, ~80h). 
The solution was now a deep orange-red and it was diluted wi th H2 0 
(300 ml), sorbed on a column (60 mm x 400 mm) of Oowex H+ resin and 
washed with H20 (800 ml) . Elution with 2M HCl yielded a minor orange 
2+ band (~10%) which was shown to be starting material ( 1H MR spectrum) . 
A major orange 4+ band (~90%) was eluted with 31 HCl and th is wa s 
reduced to dryness and crystalli zed from HC10 4 (61, 20ml) and ethanol to 
was fil t ered, washed with ethanol and ether and dri ed in air. 
s, 7 . 00; Co, 12.91; Cl, 15.54. Found: C, 20 .0; H, 5 . 5; , 15. 4; 
s, 7 . 0; Co, 13 .0; Cl, 15.7. 4 8 2 228 E: 3 4 6 361 (H20). [MHri 4 -841 0 E:max ' max 
(H 20) . lH ~lR spectrum (0 20) : o( ppm) 2.60-3.08 (b, 16H, en-Cf/ 2- ) ; 
' 3 .1 6-3.32 (m), 4.68-4 .60 (m) (-Cf/ 2-S- and -CH-, AB X patt ern); 4.00 
(s , 2H , -S-C/1 2-S-) . 13C 1R spectrum (0 20) : o(ppm) + 116 . 5 (-COO) : 
I 
-9 . 9 (-CH-CH 2S-); -21.0, -21.7, -23 .0 (en-CH2-); -31.4 ( -S-Cllz -S-); 
-33 .1 (-Cll 2-S-) . 
2. l:i(N, O)[Co(en)z((R)cysS - ) ]S206 . 11 2 0 (3g , 0 . 006 mo l e) was disso l ved i n 
water (SO ml) with stirring . Formaldehyde (37% 1/w, 4.Sg, 0.06 mole) 
buffered to pll 10 (1 eq Na 2C03: 1 eq aHC0 3, 0.06M in 
+ 
a , 50 ml) was 
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added and the resulting solution stirred (20°C, 20 min). During this 
period the solution darkened considerably to a deep orange-brown. 
The solution was then decanted into dilute HCl (500 ml, O.lM), sorbed 
on a smal l column of Dowex H+ r esin and washed with HCl (O.lM, 500 ml). 
Eluting with 2M HCl yielded a minor 2+ orange product (<10%) which 
was established as starting material. Eluting with 4M HCl then 
yielded a minor 4+ orange product (<20%) which was characterized as 
the dimeric 6, 6(N, O) [(Co(en)2( (R)cysS)) 2CH 2] (C l 0~) 2Cl 2. H20 comp l ex . A 
major deep brown band did not elute under these conditions and 
remained at the top of the column. 
6 and A(N, O) [Co( en)2 ((R)thi azol i di ne- 4-carboxylato) ]ZnC14. H20 : 
(R)thiazolidine-4-carboxylate was prepared by treating (R) 
cysteine (12g, 0.1 mole) with formaldehyde (37%, 12g, 0 .1 5 mole) and 
pyridine to pH 4 . White crystals of the (R)thiazolidine-4-carboxylic 
acid were filtered, washed with ethanol and ether and dried i n air 
(12g , 90%). [Co(en)2(DMS0)2] (Cl04) 3 was prepared by treating t rans 
[Co(en) 2(C l 2) ]Cl 04 (10 .Sg, 0 . 03 mo l e) with AgC1 04 (12 . Sg , 0 . 06 mo l e) i n 
DMSO . Excess AgCl was removed by filtration; the purple solution was 
triturated (300 ml ethanol: 2.5£ ethe r ) and crys t alli zed from wa t er/NaC l 04 
to yield purple needles of cis [Co(en)2(DMS0)2 ] (C l 04)3 (1 5. Sg , 81. 6%) . 
This complex (3g, 0.005 mole) was dissolved in DMSO (SO ml ) and (R ) 
thiazolidine-4-carboxylate (l.Og, 0 . 007 mole) added with stirring . 
Triethylami ne (O.Sg, 0.005 mole) was added and the mixture heated 
(80°C, 30 min) until the colour changed from purple to red-orange. 
The reaction was quenched with HCl (O.lM, 800 ml), the solution was 
+ 
sorbed on a column (100 x 800 mm) of Dowex H resin and washed with 
H20 . Elut ion with phosphate buffer (pH 6.86, O.SM in Na+) yielded a 
minor violet band, followed by two major orange bands. These were 
diluted with H20 and resorbed on 
+ 
small columns of Dowex H resin, 
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+ 
were washed with H20 and HCl (0.2M, l t) to remove Na and eluted with 
2M HCl to yield the A and ~(N, O) [Co(en)2( (R)thiazolidine-4-carboxylato ) ] 2+ 
species from the first and second bands respectively. The solutions 
were reduced to dryness and crystallized from excess ZnCl 2 in 3M HCl . 
The crystals were filtered, washed with ethanol and ether and dri ed 
in air. The yields were : A isomer 1.8g (67%) ; ~ isomer 0 . 8g (30%) . 
Carry ing ou t the same procedure with [Co(en)2(0H)(OH2)](Cl04 ) 3 
in pl ace of [Co(en)2(DMS0)2](Cl04)3 yie lded essential l y th e 
same result. AnaZ. .Ca'lad . for A[CoCeH2., 03SZnC l 4): C, 17. 94; H, 4.52; 
N, 13.08; S, 5.97; Co, 11.02; Cl, 26 . 54 . Found : C, 18.1; H, 4 .6 ; 
N, 12.8; S, 5.7; Co, 10.9; Cl, 26 . 7. 
540 [M]20 +5550 
(H 20). 1H MR spectrum (D 20): o(ppm) 2 .72-2 .96 (b, 6H, en -CH2-); 
' 3.12-3.46 (m), 4.0 (m) , 4.12-4.1 6 (m) (-CH- and -CH2-S-, ABX pattern) ; 
4.22, 4.32 (m, 2H, -N H2 -CH2 -S) . 13 C NMR spectrum (D20): o(ppm) 
' +116 .4 (- COO); +0.9 (-NH2-CH2-S-); -12.2 (-CH-); -21.2, - 21.7 , 
' 
-23 .1 (en-CH2-); -32.9 (-S-CH 2-CH-). AnaZ. . CaZ.od . for [CoCaH2403SZnCl4): 
C, 17.94; H, 4 .5 2; N, 13 . 08; S, 5.97; Co, 11.02; Cl, 26.54. Found: 
490 
C, 18.2; H, 4 . 2; N, 13.0; S, 6.0; Co, 11. 0 ; Cl, 26 . 7 . e: 105 (H20). max 
540 [M]2 0 -1710 (H 20). 1H NMR spe ctrum (D 20) : o (ppm) 2 . 72 -3. 20 (b, 8H , 
' en-CR2-); 3.36-3.48 (m), 3.96 (s), 4.08 (s)(-CH- and CH2-S -, ABX 
pattern); 4.46-4.64 (m, -NH 2-CH2 -S-); 4.92-5.34 (b , 8H, en -NHz - ) . 
1 3 ;: ( ) C NMR spectrum (D20): u(ppm) +116.7 - COO; 
I I 
-10 .8(-CH-); -20.9, -21.7, -22. 4, -22.9 (en-CH2- ) ; -32 . 2 (-S-CH2-CH-). 
p (N, 0) [Co (tren) (thi azolidine-4-carboxylato)] ZnC l" .11 20 
[Co( tren) (DMS0) 2] (Cl0 4 ) 3 was prepared in th e same manner as 
[Co(en) 2(DMS0) 2)(Cl0 4) 3 starting from [Co(tren)(Br)(DMSO)](C l 04)2 . 
[Co(tren) (D~ISO) 2] (C l 04) 3 (3 . 3g , 0 . 005 mole) was dissolved in D ISO (SO ml) 
and treated with (R) thiazolidine-4-carboxylic acid and triethylamine 
as outlined for the (en) 2 sys t em . After column chromatography, there 
63 
were indications of l ess decomposition than with the (en)z complex . An 
orange 2+ band (the major product) was reduced to dryness and crystallized 
from excess ZnCl2 in 3M IICl to yield orange block-like crystals of p(N, O) 
[Co(tren)((R) thiazolidine-4- curboxy l ato) jZnC1 4 .11 20 (2 . lg, 7 °o) . 
Ana.l.Cal d. for [CoZnCl4SC1oll26 5 03): C, 21.35; H, 4.66; , 12.46; 
Co , 10 . 49; Cl, 25 . 27. Found: C, 21.6; H, 4 . 7; , 12 . 1; Co, 10.4; 
Cl , 25 . 1. 476 E: 124 (H20) . 
max 
5 3 5 [M] 20 +1460 (H20) . 1 H 'IR spectrum (D20): 
o(ppm) 3.00-3 . 52 (b , 12H, -CH2-tren); 3.48-3.52 (m), 3 . 80, 3.92 (d) 
I I 
( -S-CH2- and -Cl!- , ABX pat t ern); 4 . 28, 4 . 36 (d, 2H , - 11-CllrS -); 
4.80 - 5.10 (b , 8H, - Hi-tren); 5.25-5.50 (b, lH, -NH-ligand). 
13 C 1R spectrum (D20): o(ppm) +116 .4 (- 00); +0.8 (-NH2 -CH2-S); 
I I 
-4 . 7, -7 . 3, -21.0, -2 1. 6 (tren-CH2-); -10 . 7 (-CH-) -32.2 (-CH-Cll2 -S- ) . 
3 . 2.3 KI ETIC MEASURE IE TS 
Mutarotation of the ,\ and ts[Co(en) (sulphenamide)] 2 + complexes 1~as 
initially observed in a semi-quantitative fashion . lonitoring changes 
in rotation of the two isomers at pH7 using a spectropolarimeter 
(Perkin Elmer P22) at 550 nm indicated that the rate of mutarotation 
was slow (t 'v90 min) at this pH, but was pl! dependent. This muta-
rotation was followed quantitatively in the range pH7-9 .8 spectro -
photome trically at 400 nm using a Cary 118 spectrophotometer . 
For reactions at pH7, a 2:4:6-collidine: l!Cl buffer system at 
µ= LO~: ( aCl) at 25°C was used, and complex solutions were prepared 
using th e so lid perchlorate salts (10- 2 to 10- 3 1) . For reactions above 
pH7, a lrir: (hydroxymethyl)aminomethane( tri ) : IICl buffer system at 
µ=l.01( aCl) at 25°C was used . 
For pH measurements of reactant solutions, the pH me ter (Radiomet er 
2-
pH meter 26) was standardized I ith HPO,. H2Po; (1 :1 ) buffer at pH 6 . 86; 
the error in pll in the range pll 6 .5 to 9 . 8 was ±0 .01 unit. 
All solutions were maintained at 25° ± 0. S°C using a Haake or 
similar stirred waterbath, and were prepared from deioniz ed water 
free of CO2 . 
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Buffer Preparation:202 tris-HCl buffer (O . OSM) was prepared by mixing 
standard solutions of 0.2M tri and 0 .1 HCl, and diluted to 100 ml 
with l.OM aC l (JJ=l.OM). 2:4:6- collidine -l!Cl buffer (0 .051) was 
prepared in a similar fashion from 0 . 21 2:4:6-collidine (predistilled) 
and O. lM HCl at pH7.0 (25 ml 2:4:6-collidine:35 ml O.lM HCl) and 
diluted to 100 ml with l. OM aCl (JJ=l .O 1). Upon diluting thi s so lution 
2-fold with l . OM NaCl in order to halve the buffer base ratio, the pH 
increased to 7.22 and repeating the process i ncreased it to 7 . 32 . 
3 .2.4 
Product distributions of A and 6[Co(en) (su l phenamjdc)] 2+ comp l exes 
were measured spectrophotometrically in the pH range 7.0-13 . 0. The 
ana lytical methods us ed to determine th e equilibrium composition from 
visible and ORD spectra are outlined in Appendix A. 
Solutions of A and 6 [Co( en) (sulphenamide) ] 2+ complexes (-10- 2 I) in 
- .. 10 I HCl01+ were equilibrated (~(S x t ,.J at pH 7 . 11, 8.09 (tri : HCl 
-2 
buffer) and at pH 13. 0 ( aOH) with JJ= 1. 0~1 (25 °C) . They were quenched 
with 10- 1M HC10 4 and their visible and ORD spectra recorded. Standard 
so lutions of the pure A and 6 isomers were prepared and their visible 
and ORD spectra recorded under the sarne cond i t io ns (25°C, µ= 1.01). 
3 . ::! . S P"- lll:TI.R 11 
J 
(1) The A[Co(en)(sulph enamide)] 2+ complex was isolated as bu r gu11dy - co loured 
A[Co(c n)(su lphenamide) ]Cl0 4 by treatmen with diethylamine . Known amoun t s 
(-equal) of th A[Co(en)(sulphenamide)]+ (hcreaf t r A-) complexes we r e 
. I ' 3 ) t } . . l . 
u 1ss lv cd in 10- 1 aC l (µ=l.O~ l , re su ting 111 a comp ex concentration 
t 11 20 u ed throughout these experiments was deionized and CO2 free. 
-3 
of ~10 M, and the pH measured. Constant values were obtained up to 
10 min. The pH meter was standardised with phosphate (pH 6.86) and 
borax (pH 9 . 18) buffers prior to, and checked following, the 
measurement . 
(2) The pKa of the A[Co(en) (sulphenamide)] 2+ complex was determined 
independently by potentiometric titration as follows: the pH meter 
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was again standardised at 25±0.1°C with phosphate (pH 6.86) and borax 
(pH 9 . 18) buffers . A solution (100 ml) of A[Co (en) (sulphenamide)] 
(Cl0 4 ) 2 (5 x 10- 3 M) was prepared using 1. 0 M NaCl (µ=l.OM) and also a 
so lution (separately) of NaOH (l . OOOM, Volucon). The A sulphenamide 
so lution was transferred to the cell of the pH meter and kept under an 
N2 atmosphere while well stirred. Aliquots of NaOH (l.OOOM) were 
introduced into the cell, 50µ1 at a time, via an AGLA Micrometer 
(glass) Syringe (Burroughs, Wellcome and Co, U.K.) until 500µ1 (0.5 ml, 
10 aliquots) had been added. The reactant solution was allowed to 
stabi lise for 30 seconds after each addition and before each pH reading 
was taken. 
3.3 RESULTS 
3.3 .1 SY THETIC REACTIONS 
The (N,S)(Co(en) 2((R)cysS)] 2+ complexes: The reaction between 
Co(Cl0 4 ) 2 (1 equiv) and (R,R)cystine (0.5 equiv) dissolved in aqueous 
ethy lenediamine (3 equiv) in the absence of air, results in almost 
quantitative precipitation of brown crystalline A(N,S) [Co(en)2((R)cysS)] 
(C10 4 ) 2. llowever, treatment of C0Cl2 in a similar fashion resu lts in an 
isomeric mixture of A and~ isomers of the complex which can be 
separated using column chromatography, since no crystalline product is 
forme d . (N,S) bonding of (R)cysteine in the complexes has been 
established 117 . 
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Inversion of chirality at the methine carbon of the (R)cysteine 
and its Co(III) complexes under these preparative conditions does not 
occur. This follows from the fa ct that the proton on the methine carbon 
does not exchange even under st rongly basic conditions. This is in marked 
contras t to other [Co(en)2(ami no acidato)]n+ complexes where rapid 
inversion at this carbon in base has been observed. 194 This l imits the 
number of (N, S) [Co(en)2((R)cysS)) 2+ diastereoisomers to two, A(R) and 
6(R) , respectively . These isomers have been characterised by visible 
and ORD spectroscopy, NMR spectra ( 1H and 13C), and by X-ray 
crystallography . The crys tals recovered from the Co(Cl04) 2 reaction 
were shown to be the less stable A-isomer while the CoC1 2 reaction 
results in a mixture of isomers, 70%6 and 30%A. The first reaction is 
stereospecific due to an asymmetric transformation: the A isomer, 
being the less soluble form, fractionates from a labile equilibrium 
mixture of the diastereoisomers (this equilibrium has been established 
as 70%6:30%A). Inversion around Co(III) has been shown to occur in 
strong base and is believed to be Co(II) catalysed . Treatment of 
ei ther pure isomer with catalytic amounts of C0Cl2/en/(R,R)cystine 
in the absence of 02 resulted in the common 70:30 isomer distribution. 
The internal redox reaction between Co(II) and disulphides to 
yie ld Co(III) mercaptides is a well established one. 155 This bypasses 
the problems encountered in Chapter Two, where treating Co(III) 
directly with mercaptans resulted in polymeric sulphide species . 
Internal electron transfer is believed to occur via an i ntermediate 
species of the type [3.3 . 1] 
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4+ 
( en)2Co (II) Co (II) (en) 2 
.... / 
s - s 
R/ 
[3 . 3 .1] 
R 
to yie ld th e monomeric (en)2Co(III)SR2+ species after electron transfer 
has occurred . 
The (N, O) fCo(en)(sulphenamide) ] 2+ Complexes: Treatment of both A and 
6(N, S) [Co(en)2((R)cysS) ] 2+ with a mixture of dimethylsulphoxide/acetic 
anhydride results in a sing l e isomer of a red comp l ex in good yield 
(>90%) . The complex has been characterised spectrophotometrically 
and crystallographical l y 1 80 11 83 as the 6(N, O) [Co(en)(S-(S)2-aminoe thyl-
ami no)(R)cysS)]2+ species . Add~ t ion of base (pH> l 0) to this species 
generates the A and 6(N,O) [Co(en)((S-(R)2-aminoethylamino)(R)cysS)]+ 
spec ies; the A isomer selectively crystallised in almost quantitative 
yie ld (>90%) because it is less soluble than t he 6 form, and A -- 6 
equi l ibrium is rapidly established in base (cf Discussion, section 
3. 4.2) . 
The (NJO)[Co(en)2((R)cysSll)] 2+ Comp l exes: Treatment of the A an<l 
6(N, O) [Co(en)(sulphenamide)] 2+ complexes with Sn 2+/HC1 (20°C, - l00h) 
afford s th respective (N, O) -bound cys teinato comple es [3 . 3. 21, 
2+ 
[3.3.2] 
cleanly in good yield (>85%) . The reaction proceeds via a simple two 
electron r edox r eac tion: stannous is oxidised to s t annic ion,while the 
sulphenamide N-S linkage is c l eaved reductively to yie ld amine and 
mercaptan . The reaction occurs at th e ligand and hence with complete 
retention of configurat ion at cobalt , yielding the chiral A(R) and 
6(R ) mercaptide species stereospecifi cally . It should be noted that 
the acid reduction is a dist inct improvement over methods outl i ned 
earlier (Section 3.1) since base-catalysed mutarotation at cobalt, 
and 8-e limination, cannot occur . 
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Condensation of this complex (6 isomer) with formaldehyde was 
carried out in buffered aqueous media (pH 10) re sulting in considerable 
decomposition . Some starting material and an orange dimeric 4+ species 
were r ecover ed . Decomposition is not unexpec t ed, since at high pH 
free thiol rapidl y attacks Co(III) . However th e reaction was feasible 
in that some of the desi red th iazolidine comp l ex might have formed 
more quickly than thiol attack on the Co(III) centre . Under mi lder 
acid condi t ions the clean forma tion of a dimeric 4+ spec i es resulted, 
identical to that formed in the basic reaction . This was characterised 
as the dimeric complex (3 . 3 . 3] , a naturally occurring amino acid known 
as djenko li c acid 207 . 
4+ 
~£2 H2 ~~~ / s-c- s "" 
A, A(en) 2Co H H / Co(en)2 
"" 0 ~ 0 0 ;:::?' 0 
[3.3.3] 
b h h 1 1 1 · d 1R t ( 1 H and y c romatograp y , e ementa ana ys1s an spec roscopy 
13 C) . Carrying out the same reaction at pH S usi ng CH 3CHO in place of 
HCHO resulted in th e corresponding methyl substituted dimeric species 
[3 .3.4], 
CH 3 H ~+ 
/~
2
~s~s/Y"~ A,A(en) 2Co _A / Co(en) 2 [3 . 3 . 4] 
~o o o o 
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demonstrating the ut i lity of this reaction. A similar dimer has been 
report ed 15 usi ng acetone to give the dimethyl substituted analogue. 
The (N, O) [Co(en) 2((R) t hiazo l idine-4-carboxy lato)] 2+ Complexes: These 
were prepared from [Co(N)4(D~IS0)2](Cl04)3 and (R)thiazolidine-4-carboxylic 
acid in DMSO/ t riethy l amine and iso l ated as crystalline tetrachlorozincate 
complexes . Experiments using (N)4C0Br2+ and (N)4C0Cl2+ at pH 7 and pH 11 
resu lt ed in decomposition in the main , and on l y smal l amounts of these 
comp l exes were observed after working up the reaction mixtures chromato-
graphi ca ll y , and these were not isolab l e . The method used would appear 
to provide milder conditions, thus greatly reducing the possibility of 
ring- opening of the li gand (to t he coordina t ed thiol and formaldehyde) 
fol l owed by B-e limi nat ion . 
3 .3.2 VISIBLE AND ORD SPECTRA 
(a) The (iv, S)[Co(en)2((R)cysS)) 2 + Complexes: The visible spectra of both 
A(R) and 6(R) isomers characteristically contain a l igand field band 
at ~480 nm, and a broad shoulder at ~360 nm ascribed to the second 
ligand field band, although thi s band is almost completely obscured 
by s trong ligand-metal charge transfer tran s itions associated with 
Co - S bonding and it is characteristic. 198 • 200 The ORD spectra of 
these complexes are quite differ ent from one another and while the 
6(R) isomer shows a positive molar rotation at 490 nm and the A(S) 
a negative molar rotation at 490 nm, the spectra are not remotely 
catoptric, and hence cannot re li ab l y be used to determine abso lute 
configuration of the complexes about cobalt. This is probably due, 
in part, to the -S-Co (III ) charge transfer transitions in the near UV 
regi on carrying large rotat i ons which tail into the visible region . 
(b) The [Co(en)(s ulphenamide)] 2+ Complexes: The visible and ORD spectra 
of th e A and 6(N, 0) [Co(en)(sulphenamide)] 2+ ~omplexes are shown in Figure 
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3 . 3 . 1 . The visible spectra of both isomers are not characteristic of 
the Co1 sO chromophore found in the spec tra of (N, 0) -bound amino acid 
complexes 201 • They indicat e a first ligand fie l d band at - 490 nm , 
wi t h t he second ligand field band entirely obscured by an intense 
charge transfer band ascribed to transitions due to the - S - Co 
linkage of the su l phenamide . This band is lower in intensity relative 
to the (N, S)-bound cysteine complexes de scribed above, but is shifted 
to higher wave l engths . 
The ORD spectra of the A and 6 isomer s are not catoptric, as with 
the (N, S)cys teine complexes, hence no assertions can be made regarding 
abso l ute configuration around cobalt using this evidence . Both 
complexes have l arge negative molar rotations at their maxima (6 -5000 , 
A 520 nm) and (A -10,000 , A 489 nm) and here also the charge transfer 
transitions described above tail over strongly into the visible region . 
(c) The (N, O) [Co(en)2((R)cysSll)] 2 + and (N, O) [Co(en)2((R, R)cysS)]2 4+ Complexes: 
The visible spectra of the (N, O) [Co(en) 2 ((R)cysSll)] 2 + complexes 
show clear ligand fie l d bands, - 480 nm and - 340 nm respectively , before 
the onset of the strong charge transfer band -320 nm . These observations 
also app l y to the dimeric 4+ complexes as one might expect since the 
point of dimerisation is remote from the chromophore . The spec ra are 
typica l for the Co sO chromophore . 201 
The ORD spec t ra of these complexes also reflect a typical Co sO 
chromophore, a nd arc approximately catoptric . The spectra show a negative 
rota t ion at the maxima (- 540 nm) for the 6 complexes , in accord with 
the estab l ished pat t r n for (N, O) [Co( 4)(amino acidato))n+ complexes . t 
t Positive rotation a 589 nm defines th e A configuration while negative 
rotation at 589 nm define the 6 configura ion: this is an empirical 
corre l ation , and fur t her discussion with examples may be found in 
refer nee 20 1. 
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The visible spectrum of the 6, 6((R, R)djenko li c acid) 
complex appears similar to the 6,6[Co(en) 2((R)cysS))2 4 + dimer, with two 
ligand field bands at 482 and 346 nm respectively,after which the 
charge transfer transitions predominate (~320 nm). The ORD spectrum 
of this complex shows a negative rotation at 544 nm consistent with 
the 6,6 configuration (see footnote). 
(d) (N,O)[Co(en)2((R)thiazolidine-4-C02)] 2+ and p(N, O)[Co(tren)((R) 
thiazolidine-4-C0 2)] 2+ Complexes: The visible and ORD spectra of the 
A and 6(N, O) [Co(en)2((R)thiazolidine-4-C02)] 2+ complexes and the 
p(N, O) [Co(tren)((R)thiazolidine-4-C02)] 2+ complex are shown in 
Figure 3.3.2. 
The visible spectra of these complexes contain only the first 
ligand field band at ~490 nm ((en)2 complexes) and 476 nm (tren complex). 
The second ligand field band is obscured by charge transfer absorption 
3 0 0 
although this is considerably weaker (Esh ~1 ,000) than in the case of 
the sulphenamide complexes (E~5,000). The corresponding [Co(en)2((S) 
proline)] 2+complexes contain two ligand field bands at 490 and 350 nm 
respectively, with charge trans fer transitions at ~300 nm 116 • 
Th e ORD spectra of the A and 6 [Co(en)2( (R)thiazolidine-4-C02)] 2+ 
complexes are typical of (N,O) [Co(en)2(amino acidato)]n+ complexes and 
are approximat ely catoptric. The p(N,O) [Co(tren)((R)thiazolidine-4-
·2+ C02)J complex shows a small positive rotation at 535 nm, due entirely 
to the chirality of the ligand: since the Co(tren) unit is achiral, no 
internal diastereois omers are possible. The chirality of the 
coordinated secondary nitrogen is fixed (R) in all complexes since the 
five-membered ring requires the adjacent protons (-Hand C( 4)-H) to be 
cis to one another [3.3.5) 
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3 . 3.3 111 A MR SPECTRA 
1H MR Spectra: The 1H NMR spectra of the (N ,S) -bound and (N , 0)-
bound cys teine and cystine comp l exes prepared in this work all 
contain an ABX system in common , givi ng r ise to complex spec tra 
(3 .3. 6] H H Ix I a 
R' - C -C -R" 
I I 
[3.3. 6] 
R Hb 
Th ABX . f. d 2 0 4 d d . 1 d e system 1s not 1rst-or er , an e ta1 e ana l yses wer e 
not attempted . 
The se ob servations also apply to the su l phenam i de complexes. 
As not ed ear li er , th e pro ton on the nitrogen of the su lphenamide 
excha nges rapidly , even in acid. Th e su lph enamide -II is observed if 
SJ ec tra are run in dG-DMSO, as a characteristic broad peak ~67 . S (1•1), 
and also for the thiazolidine complexes , shown in (3.3 . 7]. 
II 
11J--s 
u / J~" 
,'/ n 
Ii 
a 
llb 
II 
X 
0 
[3 . 3. 7] 
It should be not ed that while Ha ,~ and llx provide an ABX 
sys tem, the nitrogen proton lln exchanges wi th 020 he-nee a simple AB 
quartet is ob se rved for He and Hd. These spec tra are shown in 
Figure 3.3. 3 with the 1H MR spec trum of th e free li gand , (R) th ia-
zolidine -4-carboxylate. 
The 1H MR spe ctrum of the dimer ic dj enko l ic acid complex is 
simi lar to the l:::.(N~O) (Co (en)i((R)cysSll)] 2+ complex , since it contains 
two molecules of this compl ex linked at sulphur by a -CH2- group. 
This group appears as a singlet (both protons are equivalent) a t 
lol 
IA~~ct)J'' 
,., 
Figure 3. 3.3 
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kl 
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1H IR spectra of (a) /, and (b) t,(N,O) [Co(en)i((R) 
thiazolidine-4-C0 2)] 2+ , (c) p (N, 0) [Co (tren) ( (R) 
thiazo l idine-4-C02)] 2+ complexes and (d) (R)thiazolidine-
4-C02ll in D20, 1vith aTPS ( ... ) as in ernal reference . 
pi nning sidebands of the l!Oi.J resonanc e are indicated (•) 
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64 . 0 ppm, while the remainder of the spectrum consists of the ABX 
sys t em of t he cysteine, the broad amino acid -NH2- resonances and the 
char acteristic ethylenediamine -CH2 and -NH 2 resonances. 
In al l of these comp l exes the methine proton (generally referred 
to as Hx) is inert to exchange or inversion at the carbon. Base causes 
a 8-elimination reaction resulting in the formation of free thiol,which 
rapidl y decomposes in base [3.3 . 8] . 
[3.3.8] 
13 C NMR Spectra : The 13 C NMR spectra of the (N S) -bound cysteine 
comp l exes have been published, 117 with assignments generally being made on 
the basis of other known complexes or (principally) the 1H-coupled 13C 
MR spectra . The 1 3C NMR spectra of the A and 6(N, O) [Co(en)(sulphenamide)] 2+ 
complexes are shown in Figure 3 . 3.4. Assignments were made on the basis 
of 1 11-coupled spectra . An attempt to observe the postulated third 6(R) 
s ulphenamide isomer in base as a distinct species in the 13 C NMR spectrum, 
failed (vide infra) . Treatment of both ~(S) and A(R) isomers with HP04 
followed by observation of their 13 C spectra revealed only the formation 
of the establish d equilibrium mixture of these l atter two isomers . 
There was no evidence for any significant standing concentration of 
this isomer at any time during the A(R) ~ 6(5) rearrangement . The 
~ 
13 C NMR spectra of the MN, O) [Co(en)2((R)cys 11)] 2 + complex, (a) the 
~(N, O) [Co(en) 2((R)cysS-)] 24+ complex (b) and the djenkolic acid complex (c) 
are ompared in Figure 3 . 3 .5. All spectra were assigned on the basis 
of 1H-coupled spectra and comparison with spectra of related compounds . 
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The peak at o -31 ppm in the spectrum of th e dj enkolic acid complex 
has only half the intensity of the amino acid methine carbon and is 
assigned to the methylene carbon linking the two cysteine molecu]es . 
The 13 C NMR spectra of the 6(a) and A(b)(N, O) [Co( en) 2((R)thiazolidine-
4-C02 )] 2 + complexes , the p(N, O) [Co(tren) ((R) thiazoli<line-4-C0 2 )] 2 + (c) 
and th e ligand (R) thiazolidine -4-C0 2 (d) are compared in Figure 3.3 .6 . 
The peak at o +-1. 0 ppm is assigned to the methylene carbon between 
sulphur and nitrog en, which i s shifted considerably downfie ld compared 
with the other methylene carbon between sul phur and th e methine carbon 
(o -30 ppm) . The methine carbon is observed (no H- D exchange) at 
o -10 ppm, consistent with th e assignment of thi s carbon in simi l ar 
complexes ( the (N, O) cysteine and cystlne co~plexes). 
3 . 3 .4 KI ETICS OF MUTAROTATIO OF THE SULPHE AMIDE COMPLEXES, 
EQUILIBRIA, AND pKa DETEP-MINATIO S 
3.3.4 . 1 KI "ETICS: Table 3 . 3 . 1 shows data for the rates of mutarotation 
of A and 6(N, O)[Co(en)(s ulph enamidc)] 2 + comp l exes in t he pll range 7.2-8.3 
(Tri :HCl, µ= 1.0~!) ,while Table 3.3. 2 records data at pH 7.0 (2:4:6-
collidine:HCl, µ= l.O I) . Plots of log(D -D) versus time we re linear 
co t 
for more than 3t ~ in all cases . Figure 3 . 3 . 7 plots [OH-] as a function 
of kobs from Table 3 . 3.1 , and a second-order rate constant ki of 
(3 . 3 ± 0 . 2) x 10 3 M- 1 sec- 1 was derived from the s lope of the line. 
Si:1ce this plot passes through the origin, th ere is no significant 
t erm in [11 20] in the rate law for the mutarotation process. The rate 
law may be expressed as 
k b = k. [OH-] 
0 S 1 
Buffer-base ratios were varied over a four-fold range (0.2 I - O.OSM 
~ri :HCl) at pH 7 . 26 and 8 . 23, 1 hile maintaining a constant pH, in order 
to examine any buffer-base dependence of the rate (indicative of 
lo I 
lb! kl 
'" IR)t~~L--COH 
I 
' 
l!CoW'N!RltP\.c.l'o9d,,.... L -001 1• 
I I 
J 
,20 100 ~o 
Figure 3 . 3 . 6 
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13 C IR spectra of (a)/\ and (b) t:,(N, O) (Co(en)2 
( (R) thiazolidine-4-C02)] 2+ , (c) p (N, 0) [Co (tren) 
((R) thi azolidine-4-C02)] 2+ complexes and 
(d) (R)thiazolidine-4-C02II in 020 with dioxane C) as internal reference . 
!() 
Table 3.3 .1 
The Rate of Mutarotation of A and ~(N, O) [Co(en)(sulphenamide)] 2 + 
complexes in [OH ](Tris/HCl) . 
>. pHa 10- 3 K b (sec- 1 )b 10 7 [OH- ] ( l)c 10 3 K b /[OH-](M- 1sec- 1 ) 
0 S 0 S 
400 7.26 1. 03 3 . 24 3179 
400 7 .85 3 . 8 12.10 3115 
400 8 .09 7 . 2 20.40 3524 
400 8 . 23 9 . 3 28 .10 3307 
400 8 .31 11. 9 34.70 3414 
(a) Buffer = Tris :HCl (0 . 051), µ = l. 0M (1. 0M NaCl) 
(b) Values are averages for at least 3 plots of log(D00-Dt) v time. 
(c) Calcul ated from t he pH of the reac t ant so lut ions af t er each run . 
Table 3 .3 . 2 
The Rate of lutarotation of A nnd ~(N, O) [Co(en)(sulphcnamidc)] 2 + 
complexes in [OW] (2:4:6-colli<line/llCl) . 
>- plla 10- 3 K (sec- 1 ) 10 7 [OW] Kb /[011-]( i- 1sec- 1 ) obs 0 S 
400 7.00 0 . 70 1.00 7000 
400 7. 22 1. 22 1.66 7350 
400 7.32 1. 39 2 . 09 6651 
Table 3 . 3. 3 
Determination of k bs a t Different Buffe r Base Ratios 
[Tr>i : I-ICl] ( l)a pH 10- 3 K b (sec- 1 ) 0 S 
0 . 05 7 . 26 1. 03 
0 . 10 7 . 28 1. 06 
0 . 20 7 . 26 1.03 
0 . 05 8.21 9 . 54 
0 . 10 8 . 22 9 . 26 
0 . 20 8 . 23 9 . 08 
(a) Al l dilutions were carried out using 1 . 0 I aCl solu tion s to 
maintainµ= 1.0~1 hroughout . 
40 
30 
20 
10 
Figure 3. 3. 7 
2 4 6 
A plot of K b (sec- 1 ) 
0 S 
mutaro t ation of A and 
comp l exes . 
8 10 12 
ersus [011-] (10 7 I) for the 
(N, O) [Co (en) (su l phenamide)] 2+ 
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general base catalysis) , and showed that th e rate is independent of 
buffer-base concentration. These re su lts are shown in Table 3.3 .3 
All att emp ts to obs erve the rate of mutarotation above pH 9 resulted 
in non-linear plots of log (D
00
-Dt) ver us time: th e results were 
irreproducible and indicated possible Co(II) catalysis was involved 
(cf (N,S)[Co(enh((R)cysS) ] 2 + comp le xes 117 ) . 
3 . 3 . 4. 2 EQUILJ13RIU~I Two different spec tros copic 
methods were used -
(a) Visible spectra: The molar extinctions used are given in 
Table 3 . 3.4 . 
The visible spectra of equilibrated A and A solutions were 
recorded and the absorbances at 486 nm and 425 nm noted (Table 3.3 .5) . 
Use of the method outlined in Appendix A allowed calculation of [A]e 
and (AJe,and thus Keq (=(A]e/[A]e1 at the respective pH values 
(Table 3 . 3 . 6) . 
(b) ORD spectra: Optical rotations for s tandard samples of A and 
A(N, O) [Co(en) (su l phenamide)] 2 + complexes ~ere de ermined a t A1(531 nm) 
and A2 (488 nm), and molar rotations [ 1]~ 5 and (MJJs calculated 
(Table 3 . 3 . 7) . The ORD spectra of equilibrated A and A solutions for 
each pl! value were recorded, and the rotat i ons at 531 and 488 nm noted, 
(Table 3 . 3 . 8) . Use of the method outlined in Appendix A a llowed 
calculation of the concentrations of [A]e and [A]e at the respective 
pH values, and hence the determination of Keq (Tab l e 3 . 3. 6) . 
3 . 3 . 4 . 3 pKa DETER II ATIO The method used to determin e he pk3 of 
the s ulphcnamide nitrogen 111 the following reaction [3. 3. !) ] is outlined 
below : 
: - co 
I .t. 
~ ,---s 
+ (B:] + [: BH] 
[3 . 3.9] 
I! 
Table 3 .3.4 
Visible Spectral Data from Standard Solutions of 
A and 6[Co(en)(sulphenamide)l 2 + Complexes 
A (1,m) 
425 (a) 
425(b) 
486(a) 
486(b) 
(a) [A]= 4 . 4377 x 10- 3 
(b) [A] = 6.7795 x 10- 3 N 
A Isomer 
AA 
0 . 138 
0.221 
0 . 584 
0 . 907 
E: A ( ~I- I cm - I ) ( c) 
31. 1 
32 . 6 
131 . 6 
133.8 
(c) The two values obtained for E:A at 425 nm and 486 nm are 
averaged for subsequent calculations. 
\ (nm) 
425(d) 
425 ( ) 
486(d) 
486 (e) 
(<l) [6] = 6.1548 X 10- 3 I 
(c) [6] = 6 . 8359 X 10- 3 ~I 
6 Isomer 
6 
0.330 
0 . 374 
0 . 887 
0.988 
E:
6
(W 1cm- 1)(f) 
53 . 6 
54. 7 
14 4 . 1 
144 . 5 
(f) The t,~o values obtained for E:6 at 425 nm and 486 nm are avernged 
for subs quent calculations. 
Table 3 . 3 . 5 
Resu l ts of Visib l e Spectral Determination of K q 
pH A D(t,.+A) D(A+t,.) 
7 .11 425 0 . 213 0. 191 
486 0 , 793 0 . 743 
8 . 09 425 0 . 186 0 . 181 
486 0 . 685 0 . 672 
13 . 00 425 0 . 132 0 .144 
486 0 . 520 0 . 627 
Table 3 . 3.6 
Summary of Results of K Determinations q 
pH A:t:i(Visible Spectra)%(a) A:t:i(ORD Spectra) %(a) 
7 . 11 81 19 78 22 
8 . 09 80 20 83 17 
13 . 00 92 8 93 7 
(a) Values listed are averaged from experiments commencing 
both A pure -+ 6:A, and 
t:,, -+ t:i:A. pure 
(b) These values are averaged from visible and ORD results. 
K (b) 
eq 
3.89 
4 . 34 
12.24 
with 
Table 3.3 . 7 
ORD Spectral Da t a from Standard So l utions of 
A a nd 6 (N , O)[Co(en)(sulphenamjde)l 2 + Complexes 
" 
(nm) 
-
488(a) 
488 (b) 
53 1 (a) 
531 (b) 
(a) [A] 4 . 43 77 x 10- 3 
(b) [A]= 6 . 7795 x 10- 3 
{\ 
a2 o 
- 0 . 838 
- 1. 292 
0 
0 
A Isomer 
{\ [, 1)2 o (deg 1-1cm-1) (c) 
-9442 
-9528 
0 
0 
(c) 
{\ 
The two va l ues ob t ained for [~!] 20 a t 488 nm are averaged for 
subsequent ca l cula t ions . 
t, Isomer 
" 
6 6 (deg 1-1cm- 1)(f) (nm) a2 o [ 1] 2 o 
488(d) 0 0 
488(e) 0 0 
53 l (d) 
- 0 . 595 - 834 
53 1 (e) 
-0 . 66 1 -4835 
(d) [6 ] = 6 . 1548 X lQ- 3 
(e) [ l = 6 . 8359 X ] Q- 3 
( f) 6 The two va 1 ucs ob t a i ned for [M] 2 o at 531 nm are averaged fo r 
subsequent ca l cul a t ions . 
pH 
7 . 11 
8.09 
13 . 00 
Table 3 . 3 . 8 
Results of ORD Spectral Determination of K eq 
" 
a.2 5 (A+t:.) a.2 5 (/:,+A) 
531 -0 . 065 -0 . 061 
488 -0.422 -0.440 
531 -0 . 071 -0.089 
488 -0.746 -0.745 
531 -0.018 -0 . 013 
488 -0.470 -0. 346 
From the buffer-base equation 
[A-] pH = pKa + log 
[AH] 
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when [A-] = [AH], pH= pKa , Since it is possib le to isolate the 
A(N, O) [Co(en) (sulphenamide)]+ species as a burgundy-coloured 
deprotonated monoperchlorate, this complex was prepared and so lutions 
- 3 
of approximately the same concentration (1 x 10 M) of AH , 6H and A 
complexes prepared . These were mixed and the pH measured. Results 
are l i s ted in Table 3 . 3. 9 . 
9 .16±0 . 1 for 6 . 
This method gave pKa = 9.21±0 . 1 for .A and 
A potentiometric titration was also carri ed out : A(N, O) [Co(en) 2 
(su lphenamide )] 2 + complex (5 x 10- 3M) was titrated with NaOH ( l .OOOM) 
and these re sults are shown in Table 3 . 3.10 . This method gives a pKa 
9.06±0.08 at 25° (µ= l.OM). 203 
3. 4 DISCUSSION 
3.4.1 CHEMISTRY OF THE COMPLEXES: Synthetic aspects of th e A and 6(N, S) 
[Co(en)2((R)cysS)] 2 + complexes and the A and 6(N, O) [Co (en) (sulphenami<le)] 2 + 
compl exes have been discussed, (p . 65,67) . llowever it is important to 
note some stereochemical considerations relevant to a full unders tanding 
of the sulphenamide complexes . The quadridentate (S-(2-aminoethylamino) 
((RJcysS)) species , when bound to Co(III) , contains a heterocyclic 
6-membered ring which should prefer to adopt th e chair conformation. 
(The boat and skew boat forms are l ess likel~ due to steric strain) . 
It is we l l estab l ished t hat for quadridentate ligands containing chiral 
ni trogens t he configurati on of the ligand around the met al determines 
the possible chiralities of the nitrogen. This is shown i n Figure 3.4.1 
f . 3+ or Co(trien)XY . If three nitrogens in th e ligan~ including that 
for which the s tereochemical pos sibi lities are being determined , adopt 
Table 3. 3 . 9 
pKa Determination via the Equilibration Method 
Comp l ex pH K (a) p a 
AH 1 I 9 . 065 9 . 213 
2 . 9 . 070 9 . 218 
t:.H 1. 8 . 980 9 . 145 
2 . 8 . 990 9 . 155 
(a) (co/H = 2 . 032 x 10- 3 M, (Co]A- = 2. 972 x 10- 3 1: µ = l.Q\1 (25 . 0°C) 
ti [Co] H = 6 . 538 x 10- 3 ~I , (Co]t:.- = 9 . 635 x 10- 3 M: µ = 1.(1\1 (25 . 0°C) 
Table 3 . 3 . JO 
I:!Si Determination via Potentiometric Titration(a) 
(011-] (µmo l es) pH [ I IA]/ [ J\- ] ( = X) 
0 6 . 98 -
50 8 . 38 4/1 
100 8 . 93 3/2 
150 9 . 28 2/3 
200 9 . 64 1/4 
250 10 . 08 -
300 10 . 61 -
350 10 . 92 -
400 11. 12 -
450 11. 26 -
500 11 . 36 -
(a) (Co] J\i i = 4 . 99 x 10- 3 I:µ= 1.01 (25 . 0°C) 
(b) pK (average) = 9 . 06 ± 0 . 08 
a 
logX pK (b) 
a 
- -
0.60 8 . 98 
0 . J 8 9 . 11 
-0 . 18 9 .10 
-0 . 60 9 . 04 
- -
-
-
- -
- -
- -
- -
X 
y 
n+ 
trans [Co(trien)XY] 
y 
c is-O([Co(trien)XY] 
n+ 
Both secondary nitrogens l 
and 2 are meridional and the 
protons on these nitrogens 
can adopt either the (R) or 
the (S) configuration . 
The secondary nitrogen 1 is 
a ial , so only one configur-
a ion ((R) or (S)) is possible . 
The secondary nitrogen 2 is 
meridional , hence both (R) 
and (S) configurations are 
possible . ( ote i -B1 and 
ci - Bz [Co(trien)XY]n+ complexes 
also contain one facial and 
one meridional ni rogen) . 
hgure 3.4 . l The meridional :rncl fa ial configurations adopted by 
[Co(tricn)XY] 11 + complexes . 
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a meridional configuration, then both (R) and (S) chiralities around 
the nitrogen in question are possible . If however they adopt a facial 
configuration then only one chirality is sterically possible at that 
nitrogen. This reasoning applies to both isomers of the sulphenamide 
complexes . It can be seen from f-igurc 3 .4 . 2 . that the A(N,O) [Co(en) 
(sulphenamide~ 2+ ion has th e facial configuration, permitting only the 
(obse rved) (R) chirality at the sulphenamide nitrogen. The 6(N, O) [Co(en) 
(sulphenamide )] 2+ ion , however , has the mer>idional configuration, so 
both (R) and (S)-configurations are possible . Only th e (S) configuration 
has been observed,and an experiment was carried out using 13 C !R 
spectroscopy to see if the isomer with (R) configuration at the nitrogen 
cou ld be observed. Fresh samples of both isomers were prepared and 
observed in 020 and 1n The 6(R) and /1.(S) isomers 
should be observed as different complexes on the 13 C NMR spectrum . In 
fact only the 6(5) (and /1.(R) from the mutarotation in base) species was 
observed, commencing from either side of the 6 (S) ~ /1. (R) ~ 6 (R) 
~ ~ 
equi librium and no standing concentration of the 6(R) isomer was 
observed . The mechanism of formation of the [Co(en)(sulphenamide)] 2+ 
complexes is discussed fully in Section 3.1 . 
] 2 + The (N, O) [Co(en) 2 ((R)cysSII) Complexes: Reduction of the 
sulphenamide comp l exes yielded the desired chiral (N,O) [Co(en)2((R) 
cysSH)] 2+ comp l exes , as well as dimeric (N, O) bound disulphide cobalt 
2 - -
comp l exes 1n most cases (S204 , BH4 ) . The mos efficient way 
to carry out th is reduction is via the Sn2+/HC1 react ion , resulting 
in >9 0°6 yield of the respective (N,O)[Co(en)i((R) )'SSll)) 2+ complex from 
both /1. and 6 [Co(en)(sulphennndcle)] 2+ species . The rca tion is believed 
_ 2+ 4+ . 
to occur via a 2e reduction, oxidising Sn to Sn 1n the process . 
Any disulphide dimer formed by the resulting free thiol is in the main 
2+ 
cleaved back to th e free thiol due to the large excess of Sn present. 
A [Co~n) (B)sulphenamide 12• 
2 
---N 
N 
N~c -----0 \ 0-
'N - -. 
H2,,. ,, ,, 
\ / 
\ / 
N,,. S 
' H 
2+ ~ [Co(en)(S)sulphenamide] 
2 
The A isomer is facial , 
so only the (R) configur-
ation at the su lphenamide 
nitrogen is possible. 
The 6 isomer is meridional, 
so bo th (R) and (S) con-
figurations are possible 
at the sulphenamide 
nitroge n . Only the 6(5) 
isomer has been observed . 
Figure 3.4 . 2 The meridional and fa ial configura tions adopted by 
A and D.(N, 0) [Co (en) (sulphenamide)] 2 + comp l exes. 
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The reaction is outlined below [3 .4 . 1): 
SnC12 
+ SnCli+ 
[3.4.1) 
These conditions are mild enough to effect cleavage of the - S 
l inkage without reducing the Co(III) to Co(II). 
Condensa ions between the L'i(N, OJ(Co(en) 2 ((R)cysS11)] 2 + complex and 
a ldehydes and ketones were carried out in acidic and basic media, and in 
0~1S0 . Unfortunately these reactions did not yield the desired thiazolidine 
complex. S-cheme 3 .4 . 3 outlines wo possib l e methods by which it was 
proposed that the thiazolidine complex! could form . Pathway A 
require !:- initial e limination of 11 20 from the thiohemiacetal 1 to form 
the intermediate~ and ring closure should then occur through nucleo-
phi li c attack by the coordinated amide . However , Baldwin ' s rules for 
ring c lo sure 205 indicate that this type of 5-Endo Trigonal ring closure 
is a disfavoured process since then-orbitals of the thiohemiacetal 
of the intermediate 2 would be orthogonal to those of the coordinated 
amide . Pathway B requires that the OH in the thiohemiacetal inter-
mediate 3 function as a leaving group to effect ring closure and this 
wou ld not occur as OH is such a poor l eaving group . However, intra-
mo lecul ar condensations resulting in ring closure on metal complexes 
276 , 
are known , and are preferred to competing intermolecular processes 
in some cases, so this reaction was attempted anyway . The results 
show that the intermolecul ar pathway, with attack by unreacted thiol 
to form the dimeric omplex ~' predominates . 
The reac ion is media-independent: the same products are obtnined 
R~~2+ HOH ~ "··~ (enlfo 
0 
.1 
2 
j Path B 
~kS 2• 
H0~1H (en)2c? ,,,,,,~ 
0 """0 
]_ 
.5. 
2+ ~ 2+ 
H2 ~ ls ,,---N SH 1 
(enlf~~ (enlf(N '"•,,H 
- o 
H, R ~ , . ~ , 2 2 
(en)C6~"H S-C-S H"'' Colen) 2"' I / 2 R, 0 
Scheme 3 .4 . 3 The propo sed mechanism for th e formation of a 
subs tituted (N, 0)-bound thiazolidine complex 
commencing with the (N, O) [Co(en) 2 ((R)cysSH)] 2 + 
complex . 
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in both water and DMSO. Acid and base have no effect on the types of 
products formed, however decomposition of complexes is far more 
pronounced in basic media due to B-elimination (cf (N,0)-bound cysSH 
complexes, 
The dimeric species are of considerable interest as they provide 
a facile route to the synthesis of naturally-occurring amino acids. 
The complex§_ synthesized using formaldehyde (R 1=R 2=H) was prepared in 
1935 by Van Veen and Hyman 206 from an alkali extract of the djenkol 
bean , and named djenkolic acid (this is very closely related to 
subsequent l y prepared in 1936 208 by treating two equivalents of cysteine 
in liquid ammonia with one equivalent of methylene dichloride (yield 
'v4O% pure) (3.4.2]. 
[3.4 . 2] 
7 
The compound?_ was also prepared in 1947 209 (yield 'v7O%) by the reaction 
of one equivalent of formaldehyde with two equivalents of cysteine in 
strong acid, however the normal product from this type of reaction, 
thiazolidine-4-carboxylate is also isolated. Higher derivatives of 
djenkolic acid, general formula K - (CH2) - K(K=HSCH2CH( H2)C02H) 
n 
(n=2 to 6) , have also been prepared by treating (R)cysteine with the 
appropriate alkylenedibromides (pH 8, 75°C) with yields from 20 to 75%. 210 
None of these compounds, nor species of the form K - (CR1R2) - K, are 
ye t known as naturally-occurring amino acids . 
The metal promoted synthesis of these compounds provides the 
fo llowing advantages over the synthetic organic routes outlined above: 
(a) Virtually quantitative yields of the stable complex in most cases 
tes t ed , via mi l d conditions (pll S, 20°C) . 
(b) The reaction appears general for coordinated (N, 0)-bound thiols 
wi t h a l dehydes and ketones . 
The (N, O)[Co(en)2((R)thiazolidine-4-C02)] 2+ Complexes: The A and 
6(en)2 and p(tren) complexes huve been isolated and characterized 
by elemental analysis , visible and ORD spectroscopy and 111 and 13 C 
1R spectroscopy . 
There arc three possible modes of chelation, outlined in 
[3 . 4 . 3]: 
0 
"-._ H 
~ o 
~+ 
H 
4 (0 ~ II 
/ :)if COOH 
"":S 
3+ 
2+ 
~lolecular models indica e the ( ,S)-bonded complex experiences 
severe steric strain, and this bonding mode is unlikely. 
The (cn) 2 and ( t ren) complexes have been prepared and spectro-
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[ 3 . 4. 3] 
scopic evidence implies (N, 0)-chelation: his has now been confirmed 
structural l y for the 6[Co(en)2(R)(thiazolidine- 4-carboxylato)] 2+ species . 183 
The synthesis of this complex is not stereospecific, however the 
reaction mixture can be resolved chromatographically into the 6 and 
A complexes in the ratio 40:60 ( 13 C N1R spectroscopy). The stereo-
chemistry of the nitrogen is governed by that of the methine carbon . 
Steric requirements insist the two adjacent protons be cis to one 
another, and since the methine proton has the (R)-configuration 
81 
(this docs not exchange or invert, even in base), the nitrogen proton 
is required to have the (R) configuration . This is confirmed by the 
X-ray structural analysis of the 6 isomer 183 . So although th e proton 
on the nitrogen can exchange in 020 (cf Section 3 . 3.3), inversion at 
this centre is not possible , and no diastereoisomers were therefore 
2+ 
observed for th e p [Co ( tren) (R) ( thiazolidi ne-4-carboxy lato)] complex. 
(S)Proline is closely related to (R)-thiazolidine-4-carboxylic acid: 
it contains a -CH 2- linkage in place of the -S- linkage (Scheme 3 .4.4) 
and the analogous chemistry for the [Co(cn) 2((S)prolinato)] 2+ conplexcs is 
of interest. The complexes are more readily prepared via classic 
aqueous methods 116 commencing with [Co(en) 2 (Br2)]+ or [Co(en)2(Cl2)]+ than 
are the corresponding thiazolidine complexes, since there is only one 
bonding mode [ (N, O)] possible, and thiol attack on the cobalt cannot 
occur. A diastereomeric mixture results (contrary to earlier published 
results which claimed a s t ereospecific synthesis 212 - 215 ) , and equilibrium 
s tudies 116 using activated charcoal and base to equilibrate the isomers 
have sho1 n the composition 25:75 (/\:6). The hiazolidine complexes provide 
an initinl mode l for more complex chelated penicillin precursors, an<l arc 
discussed in llii s context in Chnp,cr Fi\ l ' . 
3.4.2 KI ETICS , EQUILIBRIA 1 !UTAROTATIO 
3.4.2 . 1 KI ETICS: The/\ and 6[Co(en) (sulphenamidc)] 2+ complexes 
rnutarotatc in base according to the rate law 
1vhere k. = (3.3±0 . 2)x10 3~,!- 1sec- 1 (µ=l.O~t,25°C) . This is specific 
1 
{R)-thiazolidine-L.-carboxyl ic acid 
s 
~1: .. ,H lenl c€ ···,,H 2"" 0 
llenllRRHhiazolidine-1.-carboxylato] 2• 
2 
l S l-proline 
llen) Co1S,S}-prolinato]2+ 
2 
Scheme 3.4 . 4 A compari son of (R)thiazo lid ine-4-C0211 and (S)proline , 
and their (N, 0)-bound Co(en)2 comp l exes . 
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hydroxide ion catalysis and terms in buffer-base concentration are 
insignificant, at l east up to 0.2M concentrations in base. A requirement 
for the A== 6 inversion is deprotonation and subsequent inversion of 
the sulphenamide nitrogen. If this were distinct from inversion at 
cobalt, a second-order term in hydroxide concentration would be expected 
in the rate expression and this is not seen; hence deprotonation has been 
regarded as a pre-equilibrium step (if it were rate-determining then the 
reaction would be general base catalysed) . Inversion at nitrogen and 
cobalt are regarded together as rate-determining, since inversion at 
nitrogen has been shown to occur readily (kiN ~ 10 7s- 1 ) (vide infra) 
and either precedes or is synchronous with inversion at Co(III). 
These observations are summarised [3.4 . 4], where 6(S)H refers to 
6[Co(en)((S)sulphenamide)] 2 + and 6(5)- is the same species but 
deprotonated at the sulphenamide nitrogen. 
6(S) II j r kdeprot 
6(S)e 
k. 
l 
6(R) 9 
k.c ___ ...______ 1 0 
k. 
1 
A(R)H 
Jr [3.4.4] 
A(R) 8 
k is the sum of the forward and reverse rates of deprotonation deprot 
at the sulphenamide nitrogen (kf and kb)' while kiN and kiCo are the 
similar sums for the rates of inversion at that nitrogen and at Co(III) 
respectively and these are considered together as ki in this treatment . 
The rate law indicates the mutarotation is an S 1 Conjugate Base process, 
and is derived from first principles in Appendix B. Note that inversion 
at Co(III) cannot precede inversion at nitrogen, i . e, [3.4.5] 
~ 
k.c l 0 
__:,,. 
~ 
k. 
1 
A(R) 9 [3 . 4 . 5] 
since steric restraints (p . 77) preclude inversion at nitrogen for 
the A(R) complex . 
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The inversion at nitrogen in base has been previously established 
to be rapid (k. ~3 . 0 x 10 7 ) in cases such as trien and dien 216 , l 
thus it was anticipated inversion in the [Co(en) (sulphcnamidc)] 2 + 
complexes would be very rapid, especial l y since the pKa (~9 , vide 
infra) is ~10 6 lower than that for secondary amines in the preceding 
examples . 
The inversion at Co(III) is less well established, and for this 
type of intramolecular inversion two discrete mechanistic processes 
can be envisaged: one involves rupture of a metal-ligand bond, while 
the other involves a bond "twisting" without bond rupture 217 (a-d) _ 
The proposal that racemization can occur via bond rupture at one 
end of a ligand in a tri chelate, followed by rearrangement to a five-
coordinate intermediate and attack by the dangling "unidentate" to 
2 I 8 yield a mixture of enantiomers was made as ear ly as 1912 by Werner. 
In th e process of this rearrangement, three transition states are 
possible, resulting 1n different products since geometrical ci - trans 
isomerism can occur simultaneously . These possibi lit ies are outlined 
in Figure 3 . 4 . S217 (d) . Rupture can occur hrough a trigonal bipyramidal 
intermediate with either a dangling equatorial (a) or a dangling 
axial (b) ligand or through a square pyramidal intermedia e with a 
dangling axial li gand . 
The first "twi s ting" mechanism was proposed by Ray and Dutt 2 1 9 
1n 1943, the so-called "rhombic twist". Here one bis chelate ring 
remains fixed in the transition state while the other two rotate in 
their planes through 45° about axes perpendicular to their respective 
planes. These two rings may now retrace their steps (yielding the 
cis -6 
Figure 3 . 4 . 5 
c,s- 6 
trans -ti 
CIS-6 
b 
trans-,\ 
C' 
......, c,s-ti 
trans-A 
trons-6 
2 CIS-,\ 
'-
The three possible processes by which racemization can 
occur due to a bond-rupture mechanism . 
original isomer) or continue through another 45° to yield the other 
isomer . This results in both isomerisation and racemisation. A 
second " twisting" mechanism, proposed by Bailar 220 , Piper221 , and 
Springer and Seivers 222 , is the "trigonal" twist. 
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This involves rotation of one octahedral face of the complex through 
120° while keeping the other fixed as outlined below [3.4.6], and 
results in racemisation without geometrical isomerism, since the 
trigonal prismatic activated complex is symmetrical. 
---\) 
~ Co I V t) -
A- cis 1::.- cis 
[3. 4 .6] 
Serpone and Bickley 217 (d) point out in their revi ew " .. . th ere is 
basically on l y one type of twisting mechanism, which when carried out 
about the various three fold axes of the octahedron may give rise to 
two nearly trigonal prismatic transition states, one with approximate 
c2v symmetry and the other with near o3h symmetry . The difference in 
the fates of geometrical isomers when the twisting motion is performed 
about different axes is caused directly by these two different 
transition states that are formed". 
It has proved very difficult to establish criteria whereby one 
can assert with any authority that either process is "the reaction 
mechanism" for a given racemisation or isomerisation. Attempts to 
calculate activation energies for both intramolecular mechanisms for 
. . . h d 12 2 1 t f 1 . various examples using a point c arge mo e were no success u 1n 
predicting a preference for one process over the other, however it has 
l ong been argued 219 that negative entropies of activation (and thus 
l ow frequency factors) are support for twist mechanisms and explain 
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t hi s mechanism not generally being favoured. 223 Serpone and Bickley 217 (<l) 
s t ate - "There arc so many variables in these mechanisms that the 
isolation of one cause for a particular mechanism being favoured is 
extremely difficult" . 
This does not, however, proscribe the use of inferential evidence 
to present a strong case for a certain reaction occurring via a twist 
or bond rupture process . For example the acid-catalysed racemi:ation 
3 -
of [Cr(ox) 3) is believed to occur by one-ended dissociation of one 
of the oxalate ligands. Evidence for this process is containe<l in the 
0 18 224-228 . exchange rates of the chelated carboxylates , the catalytic 
effect of metal ions 229 , 23 ~ and the activation entropy 6S4 229 . The 
literature establishes, however, that detailed kinetic studies of 
this reaction still need to be done 217 (d) _ The (Rh(ox 3)] 3 - has also been 
reported 231 to racemi:e in acid solution, and similar evidence to that 
outlined above for the Cr(III) complex (018 exchange rates, 232 and 
23) . · b d 233 ent ropy of activation )indica tes this occurs v~a on rupture 
3 -However the [Co(ox)
3
] complex is believed still to racemizc in acid 
via a twist mechanism, despite a complicating decomposition reaction. 
I 8 
Again , evidence to substantiate this claim comes from 0 exchange 
rates 234 ' 235 and the activation entropy. 234 
The only examp l es in the literature of rapid inversion about 
Co(III) to date are tl1e inversion (geometric isomerisation) of the 
[Co(diars) (H) 2 ) 3 + complex 
192 and the tr/ [ (a.-isopropyl tropolonato) 
Co(III)] complexes 193 . It has been argued that the hydrides undergo 
ci - ci and cis-tr>ans exchange through an intermolecular rearrangement 
via a trigonal twist mechanism (3.4 . 7): 
H 
H 
II 
II 
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H 
cis- trans exchange 
H 
[3.4. 7] 
cis- cis exchange 
In the second case it is asserted that the intramolecular 
rearrangement ( 1H NMR spectra) is one of inversion (6 ---J A) via a 
._--
trigona l twist. Evidence for this mechanism is provided by the line-
shape analysis of the exchange-broadened methyl 1H NMR spectra of 
the cis and t rans isomers of th e a -isopropyltropolonato l i gands . 
The preceding observations make it clear that the kinet i c 
information currently available on the (6 ~ A) inversion of the 
~
[Co (en) (s ulph enamid e)] 2 + compl ex doe s not allow an unequivocal decision 
regarding the mechanism of inversion, e.g ., activation parameters 
are not available. However, a qualitative study of molecular models 
provides some insight . A priori it is neccessary, when considering the 
possibi lity of a bond-rupture process, to assume that the carboxylate 
oxygen initially dissociates (not unreasonabl~ since nitrogen donors 
require more energy to dissociate). This might result in considerable 
stretching of the sulphenamide nitrogen-cobalt bond, and rotation by 
both nitrogens of the bidentate ethylenediamine leading to inversion . 
This process can be carried ou t on the 6(S) sulphenamide complex, 
H 
with th e quadri dentate containing meridional nitrogens, but results 
only i n possible inver sion at the sulphenarnide nitrogen, which can 
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go back into t he metal either (R) or (5) . The quadridentate is still 
meridional so i nversion has not occurred . Attempting this process on 
the A(R) isomer (quadridentate nitrogens facial) involves the added 
difficulty of requiring inversion at the methine carbon, in order 
that t he dangling carboxylate is able to re-coordinate . Molecular 
mode l considerations indicate a twisting mechanism is feasible, if the 
ethylenediamine portion of the quadridentate moves 90° through the 
equatorial plane of the complex, while simultaneously the bidentate 
ethylenediamine is moved 90° in the opposite sense . Carrying this 
"twis t" out on the 6(5) sulphenarnide, results in inversion at the 
sulphenarnide nitrogen , as well as at the cobalt since the three 
nitrogen previously meridional are now facial . Similarly the A(R) 
su l phenarnide shows inversion at the sulphenarnide nitrogen and also 
at the cobalt, since the three nitrogens previously acial are now 
meridional . 
3 . 4 . 2 . 2 . EQUILIBRIA 
The equilibrium constant Keq for the reaction 6(5)H ~ A(R)H 
has been determined spectrophotometrically at pH values ca . 7, Sand 13 . 
At the l ower pH values, where deprotonation of the nitrogen is not 
significant , Keq ca . 4±0 . 3 while at pH 13 where all species in so lution 
are completely deprotonated , Keq ca . 12. These results agree well with 
those deduced from 111 MR spec tral evidence 156 , and a re subs t antia t ed 
by observing the ABX region of the 111 MR spectrum of the 6(5) complex 
upon treatment with 0. 1~1 aOD . Characteristic peaks of th e A(R) isomer 
rapidly appear, and upon quenching, the ratio of peak-heights for A(R) 
and 6(5) complexes is '\,9 :1. 
CHAPTER 4 . TIIE SY THESIS OF p [Co(TREN )(DIHYDROXYMETIIYLGLYCINATO) ] 
ZnCl4 . 2H2O AND RELATED CHEMISTRY 
4.1 I TRODUCTIO 
4.1.1 GE ERAL BACKGROU D 
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The general approach to the synthesis of penicillin (or a 
closely-related derivative) adopted in this section of the work, 
involved the synthesis of a chelated bidentate complex with an 
activated carbonyl function, which might undergo controlled 
condensation with a B-aminothiol to form a thiazolidine complex. 
Further ring closure , to form a fused B-lactam thiazolidine complex 
with controlled stereochemistry, would be the final step of the 
penicillin synthesis, details of which already have been outlined in 
Chapter One . 
Two methods of general application to the synthesis of aldehydes 
and ketones in organic chemistry are: 
(1) oxidation of alcohols 
(2) formylation of saturated or unsaturated substituted hydrocarbons. 
The problem associated with the former has always involved 
control of the oxidation process so as to provide a good yield of the 
carbonyl compound before further oxidation of the substrate through 
to the carboxylic acid occurs. Acylation (formylation) l eads to 
carbonyl compounds, but the necessity for ''activated" sites in the 
substrate limit th e applicabi lity o f thi s method . 
A brief synopsis of work with chelated complexes carried out in 
this area is outlined, follm ed by an examination of the two approaches 
discussed above, \ith a view to applying them to the present problem . 
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While few examples of a chelate complex containing a f ree 
activated aldehyde or ketone are cited in the literature, Co(III) 
complexes containing an ester group are more common 1 22 , 236 , 237 . These 
complexes [4 . 1.1] 
[4 .1.1] 
can r eact 1-.·ith amines to yield chelated amidcs 172 • 237 or wi th amino 
acids t o form (N, 0) -bound dipeptides 236 . The (N, 0) -bound [Co(N)4 
(imi noaci da to ) ] 2 + complexes have a l so been sy nth esised 121 • 1 26 • 129 • 238 , 239 , 
in th e hope that oxidation of a hydroxyiminc species (4 .1. 2] might give 
ri se t o he desired ac t ivated carbonyl comp l ex . 
[O] 
• [4 . 1.2] 
While Lhese imine complexes have great synth eti c utility (for 
examp le the preparation of a chelated heterocyclic pyrroline complex 127 
(4.1 . 3] , and other examples in Chapt er One), they have not yie lded 
the desired compl ex . 
011 
[4 .1. 3] 
0 ~ o 
4 .1. 2 OXIDATION REACTIO S OF ALCOHOLS 
Classica l methods of synthesizing a ld chydcs and kc ones , from 
primary and secondary a l coho l s respectively, invol ve either dehydroge n-
ation ov•r Cu at 25 0°(, or oxida t ion via a redox process using a 
transition me <.11 240 (e . g. Cr(VI) or ln(Vfl)). The dehydrogenation 
process was not considered because the complex could not withstand 
the extreme conditions involved . ln(VII) oxidations arc generally 
90 
severe resulting in carboxylic acids from primary alcohols, although 
ketones arc sometimes produced from secondary alcohols by this method. 
+ Cr(VI)/11 oxidations, on the other hand, are more widely recognized as 
routes to a ldehydes and ketones 241 ; due to he milder nature of this 
oxidant , primary alcohols can be selectively oxidised to aldehydes 242 . 
Recently , even more selective Cr(Vl) oxidants have been developed 
including the Collins 243 oxidant (CrO 3/py), and later modifications by 
All of these reactions involve the formation of an intermediate 
chromate ester which undergoes internal electron transfer to yield 
the desired carbonyl compound, [4 .1.4]: 
0 
H - C - OH CrO2Cl2 PY 0 = ~r - OH 
/ 
R2 
I 
0 - CR1RL 
I 
l" [4.1.4] 
R1CR2 + H2Cr(IV)O3 
II 
0 
3Cr(IV) 2Cr(III) + Cr(VI) 
An altogether different approach is based on the reaction of 
+ 
dimethylsulfoxide with various electrophiles, which generates (Cll3)2SOR. 
This is a se lective reagent for the oxidation of alcohols to aldehydes 
and ketones , pioneered by 1offat 246 , The original method used dicyclo-
hcxylcarbodiimide as the electrophile, however the method has been 
. . 2 4 7 2 4 8 . h d . d 2 4 9 2 5 0 d . fl improved using Clz ' , acetic an y r1 e ' , an tr1 uoro-
. . 25 1 252 l h'l ace t ic acid ' as e ectrop 1 es . The advantages implicit in these 
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general reagents are high selectivity , efficiency and operational 
simp licity , as well as preventing the formation of carboxy lic acids . 
Basically these oxidations result from conversion of the alcohol 
substrate to a dimethylalkoxysulfonium salt intermediate, which 
under mild basic conditions decomposes to the required carbonyl 
species and dimethylsul fide (4.1.5). 
+ OH 
(4.1.5) 
R1, R2 = alkyl, aryl, aralkyl, H, alicyclic . 
The known 213 (Co(en)2((S)ser)] 2+ and (Co(en)2((R, S)thr)] 2+ 
comp l exes (4 .1. 6) 
11 2 
/ N~ OH I I/ (en) 2Co ,,, H 
"'-o o 
(Co (en)2((S)ser)] 2+ 
2+ OH 
112 = 
/ ~(1;'-rn3 
(en) 2Co - ~ ''II 
0 -...;;::: 0 
(Co(en)2((R, S) thr)] 2 + 
each ontain a free alcohol group, and were prepared 
in order to attempt most of the oxidation procedures outlined . 
[4.1.6) 
4 . 1.3 FORMYLATION REACTIO S 
In contrast to the above, formylation and acylation processes 
involve the direct introduct ion of a carbony l group into the 
molecule . Under this heading, reactions such as the Gatterman-
Koch aldehyde synthesis and the Vilsmeier-Haack reaction will be 
considered as formylation reactions since, although not leading to 
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the direct introduction of a carbonyl group, they lead to intermediate 
compounds which are readily converted to aldehydes or ketones. 
The general mechanism of formylation requires electrophilic 
attack by the carbonyl, or potential carbonyl, carbon atom of the 
reagent on the carbon atom of the substrate , itself always acting 
as the nucleophile . 
It has been estab li shed 191 • 253 , 254 that chelation of glycine 
activates the methylene protons of the carbon atom; they undergo 
fast H-D exchange in weak aqueous alkali, via a carbanion inter-
mediate of the form [4.1 . 7] . 
(4.1.7] 
Such complexes have demonstrated a capacity for e l ectrophilic 
addition at the a-carbon. For example deprotonation in the 
presence of HCHO and CH 3 CIIO results in the a-hydroxymethyl 
serine 255 and threonine complexes respectively 256 - 258 [4.1 . 8] . 
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N,c{~~Fn (R•H ,cn ,J 
O~ - II 
0 
ll~R (where R=H only) 
011 
[4.1.8] 
A different reaction, carried out on the [Cu(gly) 2 ] 2 + complex in 
base 259 , has resulted in the formation of a heterocyclic five-
membered oxazolidine ring [4 . 1 . 9]. 
/~1
2 
II 
2/Cu II 
0 0 
H 
CII C1~ 0 
-r,, 
0 ~ e 
w.11 
/ 
2/Cu 
"-a 
0 
OH 
~10 / ~I 
HO II 
" / )f-~c11, 
2/Cu H 
o ~ o 
0 
[4 . 1.9] 
0 
Henc acylation through addition of a carbonyl function, such as 
methyl formate, to a similar type of carbanion species would seem a 
good pros pect to yie ld the desired complex [4.1 . 10]. 
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B: 
[4.l.10] 
The final method considered in this section for the preparation 
of a formylated complex was the Vilsmeier-Haack reaction. This 
involves the addi tion of activated formamides to a nucleophile, to 
form iminium intermediates which are readily hydrolysed to carbonyl 
functions [ 4 . 1. 11] . 
POCl 3 
= C 
D,1F I 
II 
+ 
H /OH 
II 
I 
- C = 0 [ 4 . l. l I] 
Common amides used in these reactions a~e 1-methylformanilide (used in 
the original 1~ork of Vilsrnejer and llaack 260 • 261 ) or dimethylformamide, in 
concert I ith activating reagents such as phosphorous oxych lor ide or thionyl 
chloride, which add to tl1e amide oxygen t o generate reactive iminium 
electropl1iles . The ran ge of substrates hhich undergo this reaction is 
enormous, including aromatic and heterocyclic compounds, olefins, 
enarnines, ketones, carbo.ylic acids , ace als, nitriles and a variety 
of compounds con aining an a tivat ed methylene centre262 - 268 • 
Several tetraamine Co(III) complexes of glycine (tren, (en) 2 , 
tri n) were prepared and the formylation reactions o~~lined above 
1~ re attempted. 
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4 . 2 EXPERIMENTAL 
4 . 2. l I STRUMENTATION AND GE ERAL 
111 NMR spec tra were measured using a JEOL Minimar 100 MHz 
spectrometer on external lock using the in terna l reference sodium 
3-(triphenylsilyl)propanesulphonate ( ~TPS) . The following abbreviations 
have been used to describe multiplicities: singlet (s) , doublet (d), 
triplet (t), quartet (q), mu ltip l e t (m) and broad (b). Fouri er transform 
13C N~R spectra were measured using a JEOL JNM-FX60 spectrometer on 
internal lock (020) and using the internal reference dioxane. 
Visible spectra were recorded with Cary Model 118C or Cary 14 
spectrophotometers , and optical rotatory dispersion (ORD) spectra 
were measured on a Perkin-Elmer P22 spectropolarimeter. Molar 
- 1 -1 
absorbtivity (E) is measured as M cm and molar rotation ([M]) at 
0 - l - 1 20 C is measured as deg M m re spectively . The cation exchange 
resin used was Oowex SO\'/ X 2, H+ form (200-400 mesh) and evaporation 
of solvents was carried out on a Buchi Rotary Evaporation apparatus 
with water bath at 40°C. 
Mallinckrodt (LR ) dimethylsulphoxide and dimethylformamide, 
and Ajax (Technical Grade) phosphorous oxychloride were used in 
preparative work . All other chemicals used were anal ytical grade 
(AR) reagents . 
4.2 . 2 THE SYNTHESIS OF A AD 6[Co(en)2((S)ser)]S 206161 
[Co(en) 2 (0H)(OH2) ] (C l 04) 2 (83g , 0 . 2 mole) was prepared by treating 
[Co(en) 2(C0 3) ] C10 4 269 with IIC104 (3 eq) , heating the mixture (80°C , 20 min) 
to expel CO2 and then adding aOH (2 eq) to pH 7 . Cooling (4 °C, 2h) 
resulted in the crystallization of mauve needles of the complex. These 
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were fi l tered, washed with ethanol and ether, air dried and di ssolved 
i n DMSO (400 ml) with stirring . (S)-serine (22.5g, 0.22 mole) was 
added and the mixture heated (80°C, lh) with stirring (essential to 
ensure al l the (SJ-serine dissolves). The resulting orange-brown 
solution was cooled to 20°C, decanted in HCl (O. lM, 1800 ml), sorbed 
+ on a large column (800 mm x 100 mm) of Oowex H resin and washed with 
HCl (O . lM , 11) . The column was eluted with phosphate buffer (0 . 5M, 
pH 6 . 86) and two minor pink bands discarded. Continued elution with 
phosphate buffer resulted in the separation of the major orange band 
into two approximately equal bands. 
The first orange band off th e column was resorbed on a column of 
Dowex 1t resin and washed with water and HCl (0.2M, 51) to remove 
Na+ . The orange band eluted with 2M HCl, was reduced to dryness 
and crystallized from aqueous Li2S206 and characterised as 
Co, 18 . 96; H, 5 . 01; N, 16 .03; S, 14 .45; Co, 13 . 30. Found: C, 19.2; 
H, 5 .6; N, 15 . 9; S, 14.7; Co, 13.3. E;:; 101, E::: 109 (H20). 
[M] 3 ~ 3 = + 3037 (H20). 1H NMR spectrum (10- 2M DCl): o(ppm) 2.72-3.16 
2 0 
(b, 8H, -CH2-, en); 4 . 08 (s, 2H, -C H20H) ; 4 . 28-4 .64, 4.68-5 .64 
(b, 8H, -N H2 -, en); 5 . 72-6 . 12 (b, 2H, - H2-amino acid). 1 3C NMR 
spectrum (l0- 2M DCl): o(ppm) + 118.0 (- COO ); -5 . 2 (-CH20H); -7.3 
(-Cl-I-); -20 . 9, -21.6, -21.8, -23 . 1 (en-Cll2-) . 
After elution of the A(S) isomer, the original large column was 
+ 
washed with water, HC1(0 . 2M, 51) to remove Na and eluted with 2M HCl 
to recover the remaining band . 
This was reduced to dryness, crystallised from aqueous Li2S20G 
and characterised as 6 (Co (en)2((S)ser)]S20G (Yield 40g, 45%) . 
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The (Co(en)2((S)ser)] 2+ complexes I ere prepared as triflate (CF 3So 3-) 
sa lt s by treating the S20G 2- salts witl1 001 ex 1x8 Cl Anion Exchange 
resi n in H20,reducing the solutions to dryness , and adding CF 3S0 3H. 
The resulting HC l (g) was removed under reduced pressure and excess 
CF3S03H removed by triturating the resulting solution in ether to 
precipi tat e the triflate salts . Ana.l.Calcd . or [CoC 7 11 22 5 S20 9 ]: 
C, 18.96; 11, 5 . 01; , 16 . 03; S , 14 . 45; Co, 13.30 . Found: C, 19 .0; 
H, 4 . 9 ; N, 15 . 6 ; S , 14 . 5 ; Co, 13.1. e:tiB3 103 e:3tis 107 (II O). 
max ' max 2 
[MH~ 1 -4407 (I-12 0) . 1H NIR spectrum (10- 2M DCI): o(ppm) 2.68-3 . 16 
(b , 8H , - CH 2- , en) ; 4 . 04(s, 2H, - CH 20H); 4 . 20-4 . 52, 4.80-5.56 
(b , 8H , - H2 -, en) ; 6 . 20 - 6 . 40(b, 2H, - H 2 - amino acid). 13C IR 
1 
spec trum (10- 2 I DCI): o(ppm) + 118 . 3(- COO); 
-20 . 9, -21 . 4, -22 .1, -22.7(en-CH2-) . 
- 4.8( 'H 20H) ; -7 .4(-CH-); 
4 . 2 . 3 THE SYNTHESIS OF A and ~(Co(cn)2((R, S)thr)]Cl2 161 
~ ,S) -Thr eonine (19g , 0 . 15 mole) was added to a mixture of 
(Co(en)2(0ll)(OH2)](Cl01ih (27g, 0 .1 5 mole) in DMSO (200 ml). The 
mixtur e was heated (80°C, lh) and stirred thoroughly since (R, S) -
threonine is not very solub l e in DMSO. The colour changed from mauve 
to orange-brown, the mix ture was decanted into HCl (O . lM, 11), sorbed 
on a large column (600 mm x 100 mm) of Dowex H+ resin and washed with 
HCl(O .l 1, 11). Elut ing with phosphate buffer (0.5M, pH 6 . 86) resulted 
in two minor pink bands which Kere discarded, followed by a major 
orange ba11tl 1,hich split into two approximately equal bands. The firs 
orange band recovered from the lc1rge column I as rcsorbed on a column of 
Dowcx 1t resin , washed I ith 1,ater, and IICl (0 . 21I, 31) o remove I + a . 
The orange band which eluted with 21 I !!Cl was reduced to dryness and 
cry tallizcd from !!Cl/ace one to yield A[Co(cn)2((R, S) thr)]Cb 
(17g, 29%). Anal . Calcd . for [C0Csll2G sOtiCl2] : C, 211 . 87; 11, 6.79; 
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N, 18 . 14 ; Co , 15 . 27 ; Cl , 18 . 39. Found : C, 25.2 ; H, 7.2 ; , 18 . J; 
Co, 15 . 1; Cl, 18.2. E'+83 102 E3t+7 111 (H20) . 
max ' max 
[M] 542 + 3228 (H 20) . 20 
1H NMR spectrum (D2 0): o(ppm) 1. 40 , 1.46 (d, 3H , - CH 3 ) ; 2 . 72-3.08 
I 
(b, 8H, -C H2 - , en) ; 3 . 70 ( s ,lH , -CH-); 4.32,4 . 40, 4.43, 4.56 (q, 
I 
111 , -C//011) . I tR spec trum (0 2 0):o(ppm) +118.2 (-COO) ; -0.S (- CIIOII ); 
I 
-4 . 5 (-CII - ); -21.6, -21.8, -22.9, -23.2 (en-CH 2 -); - 47 . 4 (-C!l 3). 
The origina l large column was 1vashed 1vith 1vater, IICl (0.2 I, 5£) 
+ 
to remove a , and e 1 uted 1vi th 2 I IIC 1 . The 2+ band removed was 
reduced to dryness and crystallized from IICl/acetone to yield 
6(Co(en)2((R,S)thr)]Cb.21120 (28g, 48%). 
These comp l exes were also crystallized as ZnClt+ 2- snlts by 
trea t ment of the dry residue with excess ZnC1 2 in 3 HCl . 
Anal . Gated. for [CoC 8 il2aN 5 0 5 Ci 2 ]: C, 23 . 76 ; 11, 6.99; , 17 . :B; 
Co, 14 . 59; Cl, 17 . 57 . Found: C, 23 . 3; 11, 7 . 0; , 16.7; Co, 14 . 0; 
Cl , 16 . 9. s"e2 98 E3 t+e 10S 
max ' max IR 
spectrum (D20): o(ppm) 1.40 , 1.46 (d, 311, -Cf/ 3) ;2.64 - 3.08 (b, 811, -CJJ 2 , 
I I 
en); 3 . 76 (s, 111, -CH-); 4.34, 4 . 38, 4 . 44, 4 . 52 (q,111, -CHOII). 13c 
I I 
IR spec rum (D20): o(ppm) +118.0 ( - COO); -0 . 9 (-CIIOII); -4.2 ( -Cll-); 
- 2 l. 2 , - 2 1. 8 , - 2 2 . 2 , - 2 3 . 6 (en - C II 2 - ) ; - 4 7 . 0 ( -C II 3) . 
4 . 2 . 4 OXIDAT IO D THREO:'\I E cmtPLEXES 
A. Dichroma t e/Aci d Oxi da t ions: The gener al procedure adopted is 
outl i ned . The comp l ex (2g) 1 as dissolved in water (25 ml) and 
a 2 Cr 20 7 (S0°o excess) added with sti rrin ' . The acid (30 ml, 
12~1 IIClO" or 18M H2S0 4) was added slowl y and t he mixture coo l ed (4°C) 
if the rcnctio11 became vigorous. Upon standing (25 ° C, 20-30 min) t he 
so lut ions genera lly da r kened t o a greenish-brown solution . Then they 
wer e d i l uted with wa t e r (300 ml) , sorbed on a column (60 mm x 500 mm) 
of Dowex H+ r esin a nd washed with water . El ution with 1 HCl always 
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produced green, then violet Cr band s followed by the oxidation products. 
In cases where DMS0 was used as solvent in place of 11 20, the [Co(en) 2 
((S)ser)] (CF3S03)2 and [Co(en)2((R,S)thr)]ZnC1 4 salts were used . 
1. [Co(en)2((S)ser)]S 20 6 -
(a) Cr201 2-/H20/l8M ll2S0 4 : After removal of the two Cr bands 
from the column, a minor (~15 %) orange 2+ band was eluted, and shown 
to be starting .material ( 1H MR spectrum). A major red-orange 2+ 
band was then eluted, rechromatographed and eluted with IM HCl to 
yield a red-orange 2+ band which was shown to be the [Co(en)2(pyruvate-
iminato)]2+ complex ( 1H MR spectrum, elemental analysis) followed by 
an orange 2+ band which was tentatively identified as the [Co(en)2 
(oxamidato)] 2+ complex ( 1H MR spectrum , elemental analysis). 
(b) Cr 20 7 2-/H 20/12M 11Cl0 4 : The results obtained with this system 
were identical to those above. 
(c) Cr 20 7 2-/DMS0/18M H2S0 4 : This system appears to result in 
removal of the ligand altogether, since chromatography yields 
principally starting material, and [Co(en)2(0H2)2] 3 +. 
2 . [Co(en)2((R,S)thr)]Cl2-
(a) Cr 20 7 2-/H 20/18M H2S0 4 : After removal of the two Cr bands 
from the column, a major orange 2+ band was eluted and shown to 
be starting material . Decomposition in this reaction was severe . 
(b) Cr 20 7 2-/H 20/12M HC10 4 : This reaction resulted in decomposition, 
as above, and recovery of starting material . 
(c) Cr 20 7 2-/DMS0/18M H2S0 4 : Decomposition and removal of the 
ligand occurred, and only starting material and [Co(en)2(rnl2)2] 3 + 
were recovered . 
B. Chromium(VI)/Pyridine Oxidations : These reactions were only 
carried out on the [Co(en) 2( (S)ser) ] (CF 3S0 3) 2 compl ex . 
100 
(a) Cr02Cl2/pyridine: Al l round-bottom f lask was equipped with a 
dropping funnel, N2 inlet, thermometer and magnetic stirrer. This 
was charged with CH 2Cl 2(100 ml) and pyridine (15 ml, 0.2 mole), to 
which was added [Co(en)2((S)ser ) ] (CF3S0 3)2 (5g , 0 . 01 mo l e) and t he 
s t irred mixture cooled ( - 78°C, dry ice-acetone bath). Cr02Cl 2 (2 ml, 
0 . 02 mo l e , Eastman) was added by dropping funnel over 15 min and the 
temperature held below - 70 °C throughout the addition, then the mixture 
(now a deep red-orange colour) was warmed to room temperature , stirred 
(lh) and poured into ether . This resulted in the formation of an 
orange-brown oil which settled , the ether was decanted and water 
(100 ml ) added. The orange solution which resulted was sorbed on a 
co lumn of Dowex H+ resin, washed with water (200 ml ) and eluted with 
lM HCl. A green Cr band was removed , fo ll owed by an or ange 2+ 
band which was shown to be starting material ( 1H NMR spectrum) . 
This reagent was prepared according to the 
pub l ished method 245 by treating Cr03(25g) in HCl (6M, 46 ml ) with 
pyridine (20g) and cooling (4°C, 16h) followed by f i ltration to obtain 
the yellow-orange air-stable C5H5NHCr03Cl . [Co(en) 2 ( (S)ser) ] (CF3S03)2 
(5g , 0.01 mo l e) was added to C5H5NHCr03Cl (4 . 4g, 0 . 02 mole) in acetone 
(30 ml) with stirring at 25~. After 2h a black preci pitate formed; 
the acetone was removed under reduced pressure, water (100 ml ) was 
added and th e result ing brown-orange solution sorbed on a column of 
Dowex H+ resin and washed with water (400 ml). Elut ing wi t h lM HCl 
yie lded a deep blue-green Cr band, fo llowed by a red- ora nge 2+ 
band (~ 20%) which i s not yet i dentified and an orange 2+ band 
(~60%) whic h was shown t o be starting material c1 H N IR spectrum) . 
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C. Dimethylsulphoxide Oxidations: The procedure for both [Co(en)z((S) 
ser)](CF3S03)i and [Co(en)z((R, S) thr)]ZnC1 4 was the same in all cases . 
(a) D~ISO/Cl2 : The complex (2. Og) was dissolved in D 1SO (SO ml) 
with stirring and cooled to -40°C (dry ice method). Cl 2 was bubbled 
through th e mixture for 30 min in a fume hood . The orange mixture 
was diluted with water (500 ml), sorbed on a column of Dowex H+ 
resin, washed with water (500 ml) and eluted with lM HCl. The only 
product in all cases was shown to be starting material ( 1H 1R spectra) . 
(b) D ISO/Acetic anhydride: Acetic anhydride (10g, 0 .1 mole) was 
added to a so lution of the complex (2g) in DMSO (SO ml) and the mixture 
a llowed to stand (25°C,16h) . The dark orange-brown mixture was then 
decanted into water (500 ml) sorbed on + a column of Dowex H resin 
and washed with water . 
[Co(en)2((S)ser)j(CF3S0 3)2- Eluting th e co lumn with IM IICI yie ld ed an 
orange-red 2+ band (~40%) which was identified as the [Co (en)z(pyruvate-
iminato)]2+ species ( 1 11 1R spectrum, reversib le colour change (orange ~ 
red) in base and analysi s) , followed by a 2+ band (~40%) which 1,as shown 
to be s t arting material . 
[Co(en ) 2((R, S) thr)]ZnCh- Eluting the co lumn with HI l!Cl yie lded a red-
orange 2+ band (~70%) which could not be conclusively identified 
fol lOh'ed by an orange 2+ b:rnd (~20°,. ) h'hich hUS shOhn LO be star t ing material . 
( ) D1ISO/Trifluoroacetic acid: This reagent was used on only the 
[Co(en) 2((R S)thr)]ZnC1 4 complex . Trifluoroacetic acid (5 ml) was added 
to a mixture of D ISO (SO ml) and Cll2Cl2 (lS ml) 1 ith s tirring at -80°C 
(dry ice-acetone bath). To this a so lution of [Co(en)2((R, S) thr)]ZnCJ4 
(2.0g) in D ISO (30 ml) 1as added and tl1e mix ure stirred for 30 min. 
The orange mixture was 1armed to room temperature, triethylamine (10 ml) 
added to neutralise the excess TFAA nnd the mixture decanted into HCl 
(0 . 2 I, l.Q,) . The orange so lution I as sorbed on a column of Dowex 1( resin, 
wa hed 1,ith water (500 ml) and e lut ed h'ith 11 !IC! to yie ld an orange 2+ 
band (~90 °0 ) \vhi ch \\lc!S shown O be star ting mate r ia l ( 111 IR spectrum). 
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4 . 2 . 5 THE SY THESIS OF SEVERAL GLYCI ATO TETRAAMINE Co(III) C01PLEXES 
1. Racemi c [Co(cn)z(gl y)](Cl0 4)2: [Co(cn)2(011)(11 20)](C l0 4)z (32g , 
0 .08 mole) was dissolved in water (100 ml ) , gl ycine (7 . 3g, 0 .09 mole) 
was added with stirring and th e mixture heated (80°C, lh). The colour 
changed from violet to a deep red-orange. After cooling to room 
t ~mperature , addition of aC10 4 and further cooling (4°C, 16h), orange 
needles of [Co (e n\ (gl y)] J ... l0 4h (22. 5g , 75%) crystallized and were 
filtered, washed with ethanol and ether and air dried. Anal .Calcd . 
Cl, 15 . 71 . Found: C, 15 . 8; H,4. 6 ; , 15.4· Co ,1 3.1; Cl,15.9; 
E487 98 E 345 107 (H 0). 
max ' max 2 
2 . p [Co(tren)(gly)](C l04 )2: ( ll2Cll2Cll2) 3 . 3IIC1 (53g , 0 . 2 mole) and 
aO!I (23g, 0 .6 mo l e) were mixed in water (200 ml ) . Co(Cl04) 2 . 611 20 
(66g , 0 .2 mol e) in water (50 ml) was added wi th stirring , followe d 
rapidly by Na 02 (18g , 0 . 25 mole) in water (50 ml ) . The solution 
darkened and an olive-green precipitate formed . Aqueous aC104 ~O ml) 
was added, and air passed through the mixture for lh, after which it 
was cooled (4°C, 16h) to yie ld a khaki - br own product. This was washed 
wi th ice water, me thano l and ether and shown to be [Co2( tren)2(N02)2 
02 ] (Cl0 4)2 (6 ng , 65%) by analysis. The dimer was added to hot l!Br 
(9 1, 300 ml) and hea t ed (80°C, 30 min), during which time a green 
crystalline so lid formed . The solution I as cooled (4°C, 4h) to comp l ete 
crystalli zation and the crystals of [Co(tren) (Br2)]!3r . ll13r (analysis) 
washed with cold ethanol and eth er , and air -dried (yield 60g , 90%) . 
The dibromo product was added to hot D ~O and heated (80~ , lh ) , then 
cooled (4°C, 6h) and ace tone ( 11) added s lowl y to enhance crystal l ization 
of the purple product which resulted . This was filtered, washed 1i th 
acetone and ether, and Jried i n air to yie ld [Co (tren)(I3r)(D ISO)]I3r2 
(40g, 66%) . This complex was suspended in 11 20 (40 ml), a2COJ 
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(1 1 . 2g , 0. 1 mole) was added and th e mixture heated (80°C , 40 min), 
during which time the colour changed from violet to a deep red-pink . 
Aqueous NaC10 4 (SO ml) was added and the mixture cooled (4~, 24h) to 
yield [Co(tren)(C03)] Cl04 (28g, 76%), which 1,as filtered, washed with 
ethanol and ether, and air-dried . 6M HC10 4 (40ml , 1 eq) was added to 
a slurry of this complex in waler (20 ml) and the solution heated 
(80°C, 20 min) to expel re sidual CO 2 • The solution was now a deep 
purple, and 91 aOII (20 ml, 1 eq) "'as added to yield mauve needles of 
[Co(tren) (Oil) (OH2)] (Cl0 4) 2 on cooling (4°C, 24h) . 11eturning the pH to 
7 resulted in a further crop of this product, which was washed with 
ethanol and ether, and air-dried (total yield 36g, 82%). The hydroxo 
aqua product (12 . 0g) in H20 (20ml) was treated with glycine (2.Sg , 
1 . 2 eq) at 80°C for 45 min, during which the colour changed from violet 
to orang e- red . aCl04 (excess) was added and the solution cooled 
(4 °C, 24h) to yield golden-orange needles of p[Co( tren)(gly)](Cl0 4) 2 
(12 . 0g, 88%) . Ana.l . Cafod . for [C0Cl2C 8 sll220 10 ): C, 20 . 08; 11, 4 . 64; 
, 14 . 64; Co, 12 . .33; Cl , 14 . 83 . Found: C, 20 . 3; H, 4 . 7; , 14.S; 
Co, 12 . 1; C 1 , 14 . 8 . E: 47 1 105 r:: 343 100 (H 20) . max ' max 
3 . t[Co( rcn)(g l y))(C10 4)2 : Glycine ethyl ester (Sg, 1.1 eq) was 
freshly prepared from the HCl salt (10g in SO ml ether) by bubbling 
NH 3 () through the solution for 20 min, follo1ed by rapid evapora tion 
of t he ether at 2S°C. This was added in one portion to a stirred aqueous 
solu t ion (SO ml ) of [Co(tren) (011 2) (OIi)] (Cl04) 2 (20g) and the mixture 
allowed to stand (25°C, 24h), during which time th e colour changed from 
violet to a deep red-orange . The solution was diluted to 500 ml, 
+ 
sorbcd on a column (300 mm x 40 mm) of 001 ex H r esin and washed with 
H20 . Elution with lM I a+ (pH 6.86, phosphate buffer) yielded three 
bands I hich were removed from the column with 2-3~1 HCl (after washing 
ini t ially with O.S~ HCl to remove 
+ 
a ) . The first band was violet 
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( [Co (trcn)(Oll2)(Cl)] 2+) followed by an orange band , p [Co (tren)(gly)] 2+, 
and finally by a red band, t[Co(tren) (gly)] 2+. The hird band "· s taken 
to drynes s and 61 IIClQ4 added (SO ml) fol101,ed by C2llsOII (SO ml) and the 
solution cooled (4°C, 24h) , to yield red needles of t[Co(tren)(gly)](Cl0 4) 2 
i" (lOg, 45%) . Anal . Calcd . for [C0Cl2Call22 s010] : C, 20 . 08; 11, 4 . 64; 1 , 
14 . 64; Co, 12.33; Cl, 14. 83. r-ound: C, 19. 9; 11, 4.9; , , 14.3; Co , 12.2; 
Cl , 15 . 1. 
4 . Racemic B2 [Co ( trien) (gly)] (Cl04) 2. 211 2 0: Racemic B [Co (trien) (C0 3)] 
Cl04 (15g) was prepared 271 from cis -a[Co(trien)(Cl 2)]Cl, and used to 
prepare racemic B2 [Co(tri en) (gly)] (Cl04) 2. 21120 (llg, 66 %) directly by 
treatment 1,i th glycine (1. 2 eq), 6 1 IIC10 4 (1 eq) and S 1 aOII (2 eq) 
according to the method of Buckingham and larzi 11i . 272 Anal . Ca led. for 
[C0Cl2Call26 s012]: C, 18.68; 11, 5.10; 1, 13.62; Co, 11.46; Cl, 13 . 79 . 
Found: C, 18 .6; H, 4 . 7; 
E: 3 4 7 141 (II O) . 
max 2 
4. 2 . 6 FORMYLATIO 
, 12 . 8; Co, 10 . 7; Cl, 13.5. E:479 128 
max ' 
A. lethyl formate/sodium rrethoxide Reagent: The following general 
procedure was carried out in all cases - NaOCH 3 was freshly prepared 
by adding a(s) to methanol (1:1) and HCOOCH 3 was distilled prior to 
use to remove water and impurities (b.pt. 31.5°C). The glycinato 
Co(III) complex (3g) was dissolved in the solvent (H 20 or D IF) with 
stirring and IICOOCH 3 (10 equiv) added, followed by a0CH 3 (2 eq) . The 
mix t ure was allowed to stand until a colour change occurred 
from orange to a deeper red-orange (generally about lh). Then the 
reaction was quenched with dilute acetic acid (30 ml) and water (200 ml), 
sorbed on a column (80 mm x 400 mm) of Dowex H+ resin and washed with 
H20 (500 ml). Some decomposition was evident in all cases, 1 ith brown 
products remaining at the top of the columns during elution. 
i" This complex was prepared by a different route in reference 270 . 
105 
1. Racemic [Co (en) 2 (gly)] (Cl0 4) 2/1120 : Eluti on wi th l I !!Cl resulted in 
the separation of a violet 2+ band from an orange 2+ band, with a 
slower-moving 3+ red-viole t band following . The violet species was 
[Co(en )2(0H2) (Cl)] 2+ (~10 %) , the 2+ species s t arting material and the 
3+ species was [Co(en)2(0H2) 2] 3 + (~10%) . 
2. [Co(en) 2(gly)](Cl04)2/DNF: Elution wi th l M HCl yielded a deep-red 
2+ band followed by a purple-red 3+ band. The second band was 
[Co(en) 2(0H2) 2] 3+ (~20%) while the first band was rechromatographed and 
eluti on wi th lM HCl resulted in the separation of a violet 2+ band 
from two orange 2+ bands. The violet 2+ species was [Co(en )2(0H2) (Cl)] 2+ 
whi le the first orange 2+ species was starting material. The second 
orange 2+ species was a reaction product which is yet to be crystallized 
or characterized. 
3. p [Co(trcn) (gly)] (C l04 )2/DMF: Elution with 11 HCl resulted in recovery 
of a purple 2+ species ([Co(tren)(OH2) (C l)] 2+) fo ll owed by a purple 3+ 
species ([Co (tren) (OH 2) 2]3+ ). A minor orange 2+ band eluted between 
the major products but this could not be recovered. 
4 . Racemic B2 [Co(trien) (g ly )] (C l 04)2 . 2H20 : Elut ion with IM HC l yie ld ed 
3+ 
a deep red-orange 2+ band followed by a violet 3+ band ( [Co (en)2(0H2 )2 ] 
~15%) . The 2+ band was reduced to dryness, diluted with wa ter (20 ml) 
and sorbed on a column (30 mm x 800 mm) of Sephadex SPC 25 resin. 
Elution with 0 . 2M NaC104 resulted in the recovery of an orange band 
followed by a purple band. Both bands were resorbed (separately) on 
Dowex H+ resin and eluted with 0.2M HCl (to remove Na+) followed by 
lM HCl . The purple band was shown to be [Co(trien ) (OH 2)(Cl) ] 2+ while 
the orange band i s ye t to be crys t a lli zed or iden t ified . 
B. Phosphorous oxychloride/OMF (Vilsmeier-Haack) Reagent: The 
following general procedure was carried out in all cases. 
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The g l ycinato Co(III) complex (Sg) in ~1F (SO ml) was cooled 
( -1 0°C) and POC l 3 (25 ml) was added dropwise over 40 min with stirring 
whi l e maintaining the temperature below 5°C. After the addition was 
comp l ete the so l ution was stirred at 25°C for 30 min . It was then 
cautiously decanted into a mixture of ice (40g) and water (400 ml), 
+ 
sorbed on a column (100 mm x 40 mm) of Oowex H resin and washed with 
H20 (500 ml) . 
1 . p [Co(tren ) (gly)](C l 0 4) 2 : Elution of the column with 3M HCl yielded 
mauve p[Co(trcn)(Cl)(g l yl1)] 2+ fol l owed by an orange 3+ species . This 
was taken to dryness and crystalli zed twi ce from H20 using excess 
ZnCl2 in 3 I HCl, to yield golden-orange needles of p[Co(tren)(3-di-
methylamino-2 - aminoacrylylch l oride))(Z nC14)Cl . H20 (5.2g, 81%). (This 
compound was also crystalli z ed as a triperchlorate) . Anal . Ca led . for 
[CoZnCl6C11H2902]:C, 21.50; H, 4.76; , 13 .68; Co , 9.60; Cl, 34 . 64. 
Found: C, 21.6; H, 5 . 0 ; H, 13 . 6; Co , 9 . 5; Cl, 34.6. E: 4 6 8 146 (H 20). max 
111 N1R spectrum (0 20): o(ppm) 2 . 6-3 . 6 (h, 1211, trc11-CH2); 3 . 26, 
3.52 (d , 6H , - (CH3)2); 4 . 8-5.1 (b, 211, - H2) ; 7.64 (s, lH, =C(H)- 1) . 
1 3C N1R spectrum (0 20): o(ppm) + 110 . 1 (- COCl); +91.6 (=C- ); +40.1 
(-N(ll2)-C=); -16 . 4; -26 . 4 ( - \:(Cl1 3) 2); -4.5, -7.5, -20 . 9, - 21.6 (tren - CH2). 
2. t(Co(trcn)(gly)](C 10 4)z: Elution of the column with 3M HCl yie lded 
violet [Co( t ren) (OH 2)(C1)] 2+ followed by a deep red 3+ species . This has 
taken to dryness and crystalli zed from excess ZnC1 2 in 3 l l!Cl to yield 
rod need l es of t[Co(tren)(3-dimcthylamino-2-aminoacrylylchloride)] 
(ZnC1 4)Cl . 2H 2 0 (4 . 0g, 63%) . Anal . Calcd . for (CoZnCl6C11ll31N603]: C, 20.89; 
H, 4 . 94; , 13 . 29; Co , 9.32; Cl, 33 . 66 . Found: C, 21.6; 11, 4.9; N, 13.2; 
Co , 9 . 3· Cl , 33.2. E: 474 160 (1120). 
max 
111 ~IR spectrum (OLO): o (ppm) 
2 . 4-3 . 2 (b, 1211, trcn -CH2); 2 .9 2, 3.18 (d , 611 , - (CH3)2); 
5 . 0-5.3 (b, 211, - '2) ; 6.91 (s , 111, =C'-1- 1 ) in 020 . 13 C IR 
spectrum (0 2 0) : o(ppm) + 110 . 1 (-COCJ); +91.6 (= - <) ; +40 . 1 (-, (112)-C=); 
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- 16.S, -26.4 (-N(Cl-1 3) 2); -3.3, -4 . S, -21.8 , -22.9 (tren -Cl-1 2 -) . 
3 . Racemic Bz[Co(trien)(gly)](Cl04)2 . 21120 : Elut ion of the column with 
3M HCl yielded a single orange 3+ species . This was taken to dryness, 
and crystalli zed from 6M HC104 (20 ml, with 80 ml C2H50H) to yie ld 
block-like crystals of B2[Co(trien)0-dimethylamino-2-aminoacrylyl-
chloride)](Cl04)3.H20. This compound was also obtained as a tetra -
H, 4.36; N, 12.54; Co, 8.80; Cl, 21.19. Found: C, 20 .4; H, 4.5; 
N, 12 . S; Co, 9. 1 ; C 1, 21. 2. E: 476 132 (H 0). 
max 2 
o(ppm) 2 .4-3.4 (b, 12H, trien-CH2); 3 .25, 3. 54 (d , 611, -N(CH3) 2); 
6 .6-7 . 0 (b, 211, - H2 - ); 7. 63 (s , 111, =CH-N ). 13C MR spectrum 
(D20): o(ppm) + 110 . 1 (-COCl); +91.3 (=C- ) ; +40.0 (-N(ll2)-C=); -'16 . 5, 
-26.4 (-N(CH3) 2 ); -12.7, -14.0; -16.0; -17 . 4, -18 . 7, -24 .S (trien-CH 2 ). 
4 . Racemic [Co(en) 2 (gly)](Cl04)2: Elution of the column with 3M IICl 
yielded violet [Co(en)z(OH2) (Cl)f+ followed by mauve [Co(en) 2 (Cl)(glyll)] 2+ 
and a yellow 3+ species . This was reduced to dryness but could not be 
crystallized, although the 1H MR spectrum indicated that the dimethyl-
imi nium moiety had formed . Upon standing in solution this compound 
decomposed . 
4. 2 . 7 HYDROLYSIS REACTIONS OF p [Co (TREN) (3-DIMETHYLAMIN0-2-AMI O-
ACRYLYLCHLORIDE)] (ZnCl4)Cl .H20 
1. Acid Hydrolysis: 
(a) The complex (2g) was dis solved in ice/water (SO ml, stirred), was 
coo led to -10°C and excess H2S04 added (18M, 500 ml) slowly. The 
go lden orange solution (16 . 4M in H2S04 ) was allowed to stand (25°C, 
~lOOh) then decanted (with care) into ice/water (101) and sorbed on a 
+ 
column (1200 mm x 100 mm) of Dowex H resin . After washing with H20 
to remove S0 4
2
-, elution with 2M HCl yielded a single 2+ species which 
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crystalli zed r eadily with excess ZnC1 2 in 3 I HCl to yield golden 
ne edl es of p [Co (tren) (dihydroxymethylglycinato )] ZnCl 4. 2!1z0 (2 . lg, 91 %) 
Attempts to carry out the hydrolysis in !lC104 (12M) and in HCl (12M) 
resulted in the recovery of starting material from a column ( 111 MR 
spectrum) . Anal . Calcd . for [CoZnC1 4C9 11 2aN 5 0G): C, 19.01; H, 4 . 97; 
, 12.32 ; Co , 10.37; Cl , 25 . 00 . Found: C, 19 . 1; H, 5.1; , 12 . 2; 
Co lo 2 . Cl 25 1 c- 47 o 116 (H 0) . 
' · ' ' · · c..max 2 
11-1 MR spectrum (D,.O) : o (ppm) 
2 . 6-3.5 (b, 1211, tren -C f/ 2) ; 5 .1 8 (s, 111, -C l/(011) 2); 7 .1 6 (s, 
111, -C l/0). 13 C ~IR spectrum (D 20): o(ppm) + 116 . 1 (- COO) ; +88 . 2 
(-CHO); +21.6 ( -CH(OH) 2) ; - 4.7, -7.3, -21.0, -21.8 (tren - C1-l z) . 
(b) The complex (2g) in 11 20 (SO ml, stirred) was treated with 1a 2C0 3 
(0 . 5~1 , 100 ml),giving rise to an immediate co l our change from yellow to 
green - black then back to yellow, followed by decomposition to a deep 
yellow-brown after 10 min . The solution was quenched with HCl (I 1, 80 ml) , 
sorbed on Dowex H+ resin and 1"ashcd with 11 20 and !!Cl (0 . 5~1 , 800 ml) to 
+ 
remove u . Eluti on with 3 1 !!Cl yielded two orange bands , the first 
c~s% total) a 2+ species , the second c~so% total) a 3+ species, and a 
lot of brown decomposition product which did not elute . The 3+ species 
was starting ma t eria l (111 MR spectrum) 1 hile crys t allization of the 2+ 
species with excess ZnCl2 in 3 I !!Cl yielded golden needles of p[Co(tren) 
(dihydro.·rmethylglycina to )] ZnC1 4 . 2il 2 0. 
4 . 3 RESULTS 
4 . 3 . 1 X-RAY STRUCTURAL DETER~II ATION OF p [Co (TREN)(3-DI IETHYLAMI 0-
2- IINOACRYLYLCIILORIDE)) (ZnCl4)Cl .ll zO : 
Crystal da t a information+ is listed in Table 4 . 3 .1. Data 
co ll ection I as carried out on a Picker FACS-I computer controlled 
t De tai l s of experimental information , data co ll ection and structure 
so lution and r efi nement are availab le in reference 273 . 
Table 4.3 .1 
Crystal Data 
0 
a 14.608(3) A 
0 
b 15.517(4) A 
0 
C 10 . 562(2) A 
0 
8 100 . 75(2) A 
V 2352 . 1 
03 A 
z 4 
Space Group P21/n 
pobs 1.74 g cm -
3 by 
flotation in 
CBr4/CCl4 
Peale 1 . 73 g cm-
3 
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4-circle diffractometer . Full-matrix least squares refinement of 
at omic positional parameters as well as anisotropic thermal parameters 
for the non-hydrogen atoms and isotropic thermal parameters for the 
hydrogen atoms reduced R(=L(IF0 I-/Fcl)/L/F0 1) to the final value of 
0.035 . The final atomic parameters are listed in Table 4.3.2. 
The crystal contains discrete molecular and ionic units linked 
by hydrogen bonding . The molecular geometry of the cation is shown 
in Figure 4.3 . 1, and bond lengths and angles are listed in Table 4 . 3 . 3. 
The molecular geometry of the tetrachlorozincate anion is shown in 
Figure 4 . 3 . 2 . The geometry of the cation at cobalt is approximately 
octahedral: deviations of atoms from the three coordination planes of 
the octahedron, and dihedral angles between these planes are listed 
in Table 4.3 . 4. The probable hydrogen bonding interactions and short 
non-bonded contacts for p [Co(tren)(3-dimethylamino-2-aminoacrylyl-
chloride)](ZnC14)Cl . H20 are listed in Table 4 . 3 . 5. The packing of 
ions in the crystal lattice (Figure 4 . 3 . 3) is probably determined by 
hydrogen bonding interactions . 
4 . 3 . 2 YNTIIESIS OF STARTI G ~IATERIJ\LS 
[Co(en) 2(( )ser)] 2+ and (Co(cn)2((R, )thr)] 2+ were prepared via a 
modification 161 of the original preparation of these complexes by Hall 
and Douglas 213 from [Co(en) 2 (0H)(OH2)](C l0 4 ) 2 and the respective amino 
acid in O~!SO . The A and t:, diastereoisomers of [Co(en) 2((S)scr)) 2+ and 
[Co(en)z((R S)thr)] 2+ \\'ere scparat cl on Dow x II+ resin by elution 1,ith 
a+) s O 2 - d phosphate buffer (pll 6 . 86, 0. 5~1 in and crystallized as 2 6 an 
Cl salts resp ctively . In both cases the A diasterPoisomer was eluted 
prior to the t:, diastereoisomer . The complexes I ere characteri zed by 
1
1-1 and 13 C 1R spectroscopy, clcmcn al ana l yses and visible spec ra, and 
diastereoisomers were characterized by optical rota ory dispersion (ORD) 
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Figure 4 . 3 . l General view of the p [Co( rcn)(3-dimethylamino-2-amino-
acrylylchloridc))3+ ation, showing the stereochemistry 
and the atom numbering scheme adopted . 
Table 4 . 3 . 3 
Bond lengths (A 0 ) and angles ( 0 ) in the cation . Estimated standard 
devia t ions are given in parentheses . 
Co- ( 1) 
Co - N(2) 
Co-N (3) 
Co- ( 4) 
Co- (5) 
Co-0(1 ) 
N(l)-C(l) 
(l)-C(3) 
N( l )-C(5) 
N(2)-C(2) 
N(3)-C(4) 
(4)-C(6) 
C( l )-C(2) 
C(3)-C(4) 
C(5) - C(6) 
C(7)-0(l) 
C(7) -Cl (1) 
C (7)-C(8) 
C(8)- (5) 
C(8)-C(9) 
C (9)-t (6) 
(6)-C(lO) 
(6)-C(l l ) 
C(8)-C(9) - (6) 
C(9)-N(6)-C( ll ) 
C(9)- (6)-C( l O) 
C( ll )- (6)-C(lO) 
1. 938 (3) 
1. 944(3) 
1. 963 (3) 
1. 958 (3) 
1. 955 (3) 
1. 936 (2) 
1. 511(4) 
1.490(4) 
1. 50 1 (4) 
1. 486 ( 4) 
1. 492(4) 
1.490(4) 
1. 504(5) 
1. 507(5) 
1. 500(5) 
1.267(4) 
1 . 723(3) 
1. 387(5) 
1.456(4) 
1. 387(4) 
1. 306 ( 4) 
1.470(5) 
1.461 (5) 
131.4(3) 
125 . 4(3) 
119 . 6(4) 
114.9(3) 
0(1 )-Co- (1) 
0(1)-Co- (2) 
0(1)-Co-N (3) 
0( 1) - Co- ( 4) 
0( 1) -Co- (5) 
(l)-Co-N(2) 
N (1) - Co - (3) 
(l) - Co - N(4) 
(l)-Co-N(5) 
Co-N(4)-C(6) 
Co- (3) - C ( 4) 
Co-N(2) - C(2) 
Co - N(l)-C(l) 
Co - N(l) - C(3) 
Co - N (1) - C ( 5) 
(2)-C (2) -C (1) 
(3) - C(4)-C(3) 
(4)-C(6)-C(5) 
( l )-C( l ) - C(2) 
(l)-C(3)-C(4) 
(l)-C(5)-C(6) 
Co-O(l)-C(7) 
O(l)-C(7)-Cl(l) 
O(l) - C(7)-C(8) 
C(8)-C(7) - Cl (l) 
C(7)-C(8)- (5) 
C(7)-C(8)-C(9) 
C(9) - C(8)- (5) 
Co - (5)-C(8) 
93 . 7(1) 
178 . 6(1) 
86 . 4 (1) 
87 . 3(1) 
85 . 4(1) 
87 . 5(1) 
86 . 3(1) 
86. 8 (1) 
178 . 4(1) 
110 . 2(2) 
110.8(2) 
108 . 7(2) 
109 . 5(2) 
106 . 5(2) 
106 .1 (2) 
107 . 7(3) 
108.8(3) 
108 . 2(3) 
111.0(3) 
108.6(3) 
108 . 0(3) 
110 . 5(2) 
116 .1 (2) 
123.0(3) 
120.9(2) 
111.9(3) 
121.6(3) 
125.8(3) 
108 . 1 (2) 
Cl (2) 2 ·229(1) 
Cl (3) 
Figu r e 4 . 3 . 2 Genera l view of the ZnC1 4 2 - anion , showing bond lengths 
and angl es and their e.s . d. ' s . The atom numbering 
scheme adop t ed is inc lud ed . 
Table 4 . 3 . 4 
Least-squares plane~ and distances 0 (A) of at oms from those planes , 
for (Co(tren)(3-dimethylami no-2-aminoacry l ylchloride)](ZnC1 4 ) Cl . ll 20 
(a) Pl ane Atoms defining plane Distances of at oms from the pl ane 
i) Co , (3), N(4) Co - . 052 N (3) . 063 N(4) . 064 
N(l), (5) N ( 1) -. 04 1 N(5) - . 033 
ii ) Co, N(2) , 0(1) Co - . 005 (2) -.014 0 ( 1) - .015 
N( l ), N(5) N ( 1) . 017 (5) . 017 
iii) Co, 0 ( 1) , N ( 2) Co -. 041 0 ( 1) - . 067 N(2) - . 058 
N(3) , N(4) N (3) . 083 (4) . 083 
iv) 0(1), C ( 7) , C (8) 0(1) . 016 C (7) - . 030 C (8) . 026 
N (5) (5) -.013 Co . 213 Cl (1) - .169 
C(9) . 298 N(6) . 432 C(ll) .1 85 
C(lO) . 952 
v) N (6) , C(9), C(lO) (6) -. 020 C(9) . 008 C(lO) . 006 
C ( 11 ) C( ll ) . 007 C ( 8) . 184 
iv) C (8), C(7)' C(9) C(8) -.05 2 C (7) . 017 C(9) . 019 
N(5) N (5) . 017 N(6) . 012 C (ll) -. 212 
C ( 10) . 334 
vii) C (9), C(8) , (6) C(9) .001 C(8) . 000 N(6) . 000 
11 (2 1) H(21) . 000 C (7) .046 N(5) . 170 
C (10) . 236 C ( 11) . 139 
(b) Angles ( 0 ) between planes 
i) & ii) 89.9 i) & iii) 86 . 7 ii) & iii) 89 . 0 
ii) & iv) 8 . 9 v) & vii) 8 . 9 vi) & vii) 4 . 1 
v) & vi) 12 . 9 
Table 4 . 3 . 5 
llydrogen bonding interactions and short non-bonded contacts for 
p [Co(tre n)(3-dimethylamino-2-aminoacrylylchloride)](ZnC1 4 )Cl .H20 
(a) llydrogen bonding interactions 
0 0 0 
A· · ·· ll-8 t A· · ·· B(A) A· ··· H(A) H-B(A) <A· ·· ·H-8( 0 ) 
I I Cl( l ) "" f-1(17) -N(4) 
II Cl (4) .... H(l9) - (5) II 
II Cl(5) ·· · · f-1(12) - (3) II 
Cl(6) · · ·· H( l 8)III_N(4)II I 
Cl(6) · · · · H(20)III _N(5) 11 I 
Cl (5) · · · · 11(28)-0(2) 
IV IV Cl(6)· ··· H(29) -0(2) 
V V 0(2) · · · · H(ll) - N(3) 
Ang l es around Cl(6) 
H (18) · · · C 1 ( 6) · · · H ( 20) 64° 
11(18) · · · Cl (6) · · · H(29) 79° 
11(20) · ·· Cl (6) · · · H(29) 142° 
Angles around Cl(5) 
H(l2) ··· Cl(5) ··· H(28) 92° 
Zn-Cl (5) · · ·1 1(28) 145° 
3. 37 
3.38 
3. 37 
3 . 14 
3 . 18 
3. 32 
3. 21 
2 . 89 
2.62 0 . 79(5) 159 
2 . 59 0 . 84 ( 4) 157 
2 . 58 0 . 82(4) 162 
2 . 35 0 . 89(4 ) 148 
2. 26 0.94(5) 166 
2 . 64 0 . 71(6 ) 161 
2. 31 0 . 94(5) 160 
1. 95 0 . 96(4) 166 
Angles around 0(2) 
H(28)-0(2) · · · H(l9) 109° 
H(29)-0(2) · · · H(l 9) 116° 
H(28) - 0(2)-H(29) 116° 
t The superscripts refer to atoms related to those i n Table 4 . 3.3 by 
the operations 
I 
x-¾ l¾-y ¾+z II x-¾ l¾-y z-¾ 
I II 1-x l- y l- z IV l+z X y 
V 
n-x -¾+y ¾-z VI l¾-x ¾+y ¾-z 
VII l -x 2-y -z VII I l +x y z 
0 
(b) The s horter non - bonded interactions (A) 
f-1( 19) · · · ·1 1(27) 
VI H(l9) · · · ·1 1(28) 
Cl (1) ···· Cl (3) VIII 
2 . 34 
2 . 28 
3. 29 
Cl (4) · · · · 11(15) 
Cl(5) · · · ·11(16) 1 
II Cl (5) · · · · H(3) 
2. 90 
2. 89 
2 . 90 
(continued) 
Table 4 . 3 . 5 (continued) 
0 (b) The shor t e r non-bonded interactions (A) (continued) 
VI 
2 . 89 Cl (6) · · · · 1-1(10) I Cl (2) · · · · 1-1(23) 2 . 79 
Cl (2) .... H(4) 2 . 93 Cl(6) ···· 11(1) I 2.82 
I I 2 . 96 III 2 . 88 Cl(3) ···· H(l9) Cl (6) · · · · 11(6) 
VI 2 . 96 II I Cl (3) · · · · H(26) Cl (6) · · · · 1-1(25) 2 . 91 
Cl (3) ···· H(l) VII 2 . 97 
Cl(4) · · · · 11(6) 2 . 72 
[igure 4 . 3.3 Crystal packing and the hydrogen bonding network in the 
unit cell of p (Co(trcn)(3-dimethylamino-2-aminoacrylyl-
chloride)] (ZnCl4)Cl .11 20 . 
110 
spectropo l arimetry in each case and comparison with similar (N, 0)-bound 
ami no acidato complexes of known structure 274 . 
Racemic [Co(en)2(gly)] 2+ was prepared from [Co(en) 2(Ol1) (011 2)] 
(ClQ4)2 and glycine in water and crystallized as a diperchlorate salt . 
The comp l ex was characteriz e<l by 111 and 1 3C MR spectroscopy , 
e l emental ana l yses and visible spectroscopy . 
p[Co(tren)(g l y)](ClO4) 2 wns synthesized s ereospecifically from 
[Co(tren)(Oll2)(0ll)](ClO4)2 and glycine while t[Co(tren)(gly)](C1O 4 ) 2 1as 
syn th esized (as a mixture of p and t isomers) from [Co(tren) (011 2) (OIi)] 
(C lO1+ )2 and glycine ethy l ester. Roth isomers were characterized by 
111 and 13C IR spectroscopy, h-111e11t1l analyses and visible spec roscopy . 
The two isomers have already been characterized structurally 275 and 
spectroscopica ll y 182 • 270 • 278 , wi h the orange complex being shown to 
adop t th e p configuration and the red comp l ex th e t configuration . 
R cemic B2 [Co (trien) (gly)] (C l O4) 2 1 as synthesized stereospecifically 
and characterized by 111 and 13C I IR spectra l analyses, elemental 
ana l yses and visible spectroscopy. 
4 . 3 . 3. TIIE OXIDATIO 
The overa l 1 results of the oxidations of [Co (en) 2 ( (,) ser) l 2+ nnd 
[Co(en) 2((R S)thr)] 2+are li sted in Table 4 . 3 .6 and Table 4 . 3.7 
r espec tively . 
Att emp t s to oxidise the s rine complex with Cr(VI)/acid resulted 
in recovery of s tarting material, and in some cases th e products 
[Co(en)i(pyruvate-iminato)] 2+ and [Co (en) 2 (oxamidato)) 2+ [4 . 3 . 1] . 
II 2+ H 2+ 
/ XCH3 
(en) 2Cb 
"" o :::--..o 
/Yo 
(en)2Co ~ 
0 0 
[4.3 .1) 
pyruvate-imi nato complex oxami dato complex 
Table 4 . 3 . 6 
Oxidation Reactions of [Co(en) 2((S)ser)] 2+ 
Reagen t 
Cr(VI)/H20/HCl04 
Cr(VI)/DMSO/H2S0 4 (a) 
Cr02Cl2/pyridine 
CsHsNHCr0 3Cl/acetone(a) 
DMSO/acetic anhydride(a) 
Results 
[Co(en)2(pyruvate iminato)] 2+ and 
[Co(en)2(oxamidato)] 2+ 
[Co(en) 2(oxamidato)] 2+ 
Ligand removal 
Starting material 
Starting material 
[Co(en)2(pyruvate iminato)] 2+ and 
starting material 
Starting material 
(a) The (CF 3S0 3 ) 2 sa lt of the complex was used . 
Table 4 . 3.7 
Oxidation Reactions of [Co(en) 2 ((R, S)thr)] 2 + 
Reagent 
Cr(VI)/DMSO/H 2S0 4 (a) 
DMSO/Cb (a) 
DMSO/acetic anhydride(a) 
DMSO/Trifluoroacetic 
anhydride Ca) 
Results 
Starting material 
Starting material 
Starting material 
Starting material 
Unknown 2+ orange complex and 
starting material 
Starting material 
(a) The (ZnC1 4 ) sa l t of the complex was used . 
These re sult s verified ear l ier work done in l1is arca 161 , and 
the desi red aldehyde complex was not observed . The Cr(VI)/pyridine 
oxidations generally resulted in recovery of starting material , and 
in some cases unidentifiable products as well . The DMSO oxidations 
also re sulted i n the recovery of starting material, although the 
D1S0/ acetic anhydride r eagent resulted in t he formation of the 
[Co(en) 2(pyruvate iminato)] 2 + species in 'v40% yield . 
Attempts to oxidize the threonine complex with Cr(VI)/acid 
r esulted i n decomposition, removal of the ligand to yield [Co(cn)2 
111 
3 + (OH2) 2] , and recovery of some s tarting material in al 1 cases. The 
supposed synthesis of the acetylglycine complex [4 . 3 . 2] 
2+ 
[4 . 3 . 2] 
by thi s method could not be reproduced. Cr( I)/pyridine oxidations 
we re not attempted on the threonine complex. The D ~O oxidations 
agai n r esulted i n the recovery of mainly starting material , a lthough 
the D ISO ace ti c anhydride reagent yielded a 2+ product (~70%) which 
could not be crystallised nor conclusively identified ( 1H IR spec tral 
evi dence i ndicat es i t i s possibly the a e ylglycine complex, ho,ever 
more work needs to be done on th is prob l em) . 
4 . 3 . 4 THE FORt-lYLATIO 
The reactions carried ou t using t he me t hyl formate/sodium 
me thoxide r eagent, yiel ded simi lar results for all [Co(~) 4 (gly)] 2 + 
comp lexes on which they were tried. Decomposition due t o the strong l y 
ba ic media I as pronounced, and yields of all major products l o, . In 
[ ) ( ) ] 3 + · · d · · [Co(1"'),.(0l 1, )(Cl)] 2 + every case the Co(, 4 0!1 2 2 ~pec1es or 1ts er1vat1vc , " ~ 
(after chromatography with Dowex/llCl) was recovered, a long with starting 
ma t er ia l and an orange 2+ species 1~hich could not be characterized 
f r om any of t he reac t ions attempted . 
Reac t ions carried out using the Vilsmeier-Haack phosphorous 
oxych l oride/DMF reagen t resulted in the formation of the [Co( ) 4(3-
dimethy l amino-2-aminoacrylylchloride)]3+ complex in good yield for 
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a l l the substrates ([Co( ) 4(gly)] 2 +) used except racemic [Co(en) 2 (gly)] 2+, 
wher e decomposition of this product occurred. Diperchlorate salts 
were preferred throughou t due to their ease of dissolution in D IF . 
For both p[Co(tren)(gly)] 2+ and S2[Co(trien)(gly)] 2+ complexes, a 
purple 2+ product was sometimes obtained if the reaction was carried 
ou t above 0°C, or if the POC1 3 and D IF were premixed and added , in 
one portion , to the substrate dissolved in DMF . These complexes were 
isolated and characterized as the p [Co(tren)(Cl)(glyll )] 2+ and 
B2 [Co(trien) (Cl) (glyH)] 2+ species respectively 278 by elemental analysis, 
and 1 11 and 1 3C IR spec t roscopy . o other major (>5%) products are 
iso l a t ed from these reactions, however evidence (111 IR spectra) exists 
to suppor t t he case for both E and Z forms of the p [Co(tren)(3-dimethyl-
amino-2-aminoacrylylchloride)]3+ complex in solution (vide infra) . 
The Vilsmeier - Haack reaction has also been carried out using 
ruccmic anti chiral [Co(cn) 2(glrJJ(CJO4)2, [Co(trcn)(sc1r)]S2OG . ll 2O , 
chiral (N, S) [Co( n)2((R)cysS)](C JO4 )2 and chiral (N S)[Co( tren)((R)cysS)) 
(C l O4) 2 as substra t es , by applying the same general procedure outlined in 
ec t ion 4 . 2 . 613 . 1\fhile pre l iminary 111 m spectral evidence indicated 
tha t a similvr forinylation process occurred in these cases, reac ion 
produc s hav not yet been characterized . 
The p [Co (tren) (dihrdroxymeth)' lglycinato ) ] ~nCl 4. ~!!2Cl complex was 
prepa r ed by treating p[Co(trcn)(3-dimethylamino-2-aminoacrylylchloride)] 
(ZnC 14)C l . 11 20 with ei t her acid or base . In the base-catalysed 
hydrolysis there were side-reactions and much decomposition, giving 
the hydrated aldehyde species in poor yield (~5%), while the acid-
catalysed pathway which required extremely strong acid conditions 
(16 I H2S04, ~ l OOh) , yielded the hydrated aldehyde complex 
quantitatively . 
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The 111 IR spectra of the p [Co(trcn)(3-<limethylamino-2-amino-
acrylylchlori<le)]3+ (a) and the B2 [Co(trien)(3-dimethylamino-2-amino-
acry lylchlori<l e)]3+ (b) complexes arc shown in Figure 4.3 . 4 . The spectra 
contain the following common characteristics: 
a low field singlet ~67 . 0 characteristic of an a -enamine 
+ 
proton, i . e . -Cit= 
two closely spaced singlets ~63 . 2 and 63 . 5 characteris ic 
of a dimethyliminium group where the methyl groups are 
+ 
diastereotopic, i . e . = (C113)2 . 
The I II ~IR spectrum of p [Co (trcn) (dihydroxymethylglycinato)] ZnCl 4 . 
2fli0 (c) is also shown in Figure 4 . 3. 4 . It contains a 101, field singlet 
of relative int nsity 0 . 1 at 67 . 16 , characteri~tic of a free aldehyde 
proton, -CHO and a singlet of r lative intensity 0 . 9 at 65 . 18 
haructcristic of a proton in D hy<lrated al<lchyde, i . e. -CH(Oll)2 . 
The 13C IR spec tra of the p [Co(tren) (3-dimethylarnino-2-arnino-
acry lylchloridc)]3+ (a) and the B2[Co(trien)(3-dimethylamino-2-amino-
acry l ylchloride)]3+ (b) complexes are shown in Figure 4 . 3. 5. The spectra 
of the three acrylyl hloride derivatives prepared have several common 
characteristics and have been assigned, on the basis of 111-coupled 
sp ctra, as follows: 
l1e inglet observed at6~+90ppm was split in o a doublet 
(J = J74 . 51lz)chDract ristic of a one-proton a-coupling and 
- II 
f-igure 4.3.4 
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111 tR spectra of (a) p[Co( tren) (3-<limethylamino -2- ami no-
acrylylch1oride)]3+, (b) B2[Co(trien}(3-dime th y l amino-2-
ami noacry lylchloride)]3 + and (c) p[Co(trcn)(dihydroxyme thyl-
glyc ina t o)] 2+ in 020 . aTPS ( T ) was used as an internal 
r eference , and th e spinning sideba nd s of the 1100 resonance 
arc indicated ( • ) . 
Figure .J. 3.5 
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1 3c 1 1R spec tra of (a) p [Co(trcn) (3-<limc th y l amino-2 -amino-
acry l y l ch l ori<le)] 3+, (h) 62 (Co(trien) (3-<limethylamino- 2 -
aminoacrylylchloride)] 3 + and p [Co(tren)(dihydroxymethyl-
g l yci nato ) ] 2 + in D20 . fhoxa ne ~ ) ,~a used as a n int e rnal 
refere nce. 
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consistent with a proton on a dimethy l iminium group , i . e. 
-CH 
The singlet observed at&v+40ppm showed a very fine splitting 
into a doublet (Jc_,t6Hz) characteristic of a one-proton (3-coupling. 
This is consistent with a fu l ly substituted carbon (3 to a methine 
carbon with one proton , i . e . 
II I 
- C - Cl! 
I 
- C =CH-
The two single t s at 6-1 6 and 6-26 ppm 1vere split into quar tet s 
(JC- II= 125 Hz) consistent with two inequivalent methyl groups, i . e. 
::: .CH 
The peaks due to the tren and trien methy l ene carbons were spli t 
into trip let s , and th e p and t isomers of the tren comp l exes assigned 
on the basis of chemical shifts observed and their comparison with 
other spectral da ta 1 56 • 
The inequivalence of the two methyl groups in the IR spec tra 
descri bed can be exp l ained by a consideration of the X-ray structure 
of th e p [Co(tren) (3-dimethylamino-2-aminoacryly l chloride)] 3 + species . 
The s tructura l ana l ysis indicates the che l ated dimethylamino-2-amino-
acr y l y lchloride l igand is extensively delocalised [4 . 3 . 3] . 
I{ 
I / x_ .... ..-c~ 
tren Co , , , _ . _; 
0 Cl 
3+ 
(4 . 3.3] 
and is almost planar . Hence the dimethylamino moiety experiences hindered 
rotation about th e - C :::::::_ axis , rendering th e two methyl gr oups 
in quivalent and giving r ise to th e observed diastereotopic spli tt i ngs 
in th ese spectra . 
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The 
1 
Jc 1R spectra of the p [Co(tren) (dihydroxymethylglycinato :J 
ZnC1 4. 21120 (c) is also sho1v11 in Figure 4 . 3.5 and is indicative of an 
equi l ibrium in solution between a free and a hydrated aldehyde . In 
the 1H-coupled spec trum , the singlet with a relative intensity of 0 .1 
observed at o+88 . 2ppm is split into a doublet (Jc_,(183.5 llz), 
charac t eristic of a free -CHO . The singlet with a relative intensity 
of 0.9 observed at6~21.6ppm was split into a doublet (JC =170Hz) 
- II 
consistent wi th the hydrated species -Ci-!(OH) 2 . A signal, from the 
methine carbon adjacen t to the carboxylate and the amino groups of 
the chelate, was not observed due presumably to the lack of nuclear 
Overhauscr enhancement in the C-0 moiety . 
4 . 3 . 4 . 2 VISIBLE SPECTRA 
The s t arting ma t erials p and t(Co(tren)(gly)](Cl04)2 and racemic B2 
[Co (trien) (gly) ] (Cl04) 2 . 211 2 0 were shown to be isomerical ly pure by 1 Jc 
NR . The E values agree with published values 270 • 271 except for max 
t[Co(tren)(gly)](Cl04)2, which differs significantly 270 . 
The second d-d ligand field band, observed at 350 nm in all 
starting materia l s , was obscured in the spectra of th e 3-dimethylamino-
2-aminoacryly l ch loride complexes due to a shift to higher wavelength 
of th e charge transfer band, consistent with th e unsaturated character 
of the de local ised che lat e . The spectrum of p [Co (tren) (dih)·droxymethyl -
g l y inato)]ZnC1 4 . 211 20 sho1,ed both d-d ligand field bands . These occurred at 
simi lar wave lengths to those of the starting material, p[Co(tren)(gly)] 
(Cl04 )z . These spectra are shown in Figure 4 . 3 .6 . 
4.4 DlSCUSSIO 
4.4 .1 THE OXIDATIO 
The formation of the pyruvate- iminato species during the attempted 
. . . h h k 276 oxidation of the seri nato complexes is consistent wit t e nown 
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Visible spectra of (a) t and (b) p [Co(trcn)(3-dimethylamino-
2-ami noacry 1 y I chloride)] 3+, (c) B2 (Co (tricn) (3-dimcthy lamino-
2-aminoacryly l ch l oride)] 3+ and (d) p (Co(tren)(dihydroxy-
methylglycinato)]2+ in 1120. 
elimination reactions of chelated serine esters. The mechanism by 
which this might occur is out l ined in (4 . 4 . 1]. 
H2 
/ N:COH 
(en)2Co 
0 0 HCr(VI)04X 
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[4.4.1] 
H 
/ NX CH~ 
(en) 2Co ~ 
0 0 
In this reaction the Cr(VI) acts only as a dehydrating agent. 
The oxamide complex would appear to result from subsequent 
oxi dation of the pyruvate-iminato complex and possibly arises as 
shown in Figure 4 . 4 . 1 . 
+HCr04 
The acetylglycine complex reported 161 as a result of the Cr(VI)/ 
acid oxidation of threonine is probably formed by the normal method of 
Cr(VI) oxidation, involving formation of a Cr ester and its subsequent 
elimination 24 2 [ 4 . 4. 2) . 
/ HX:OH CH3 
(en) 2Co H + 
""o o 
+ HCrO~ + H 
[4.4 . 3] 
2+ 
/~ycH 2 (en)2C~~ __ H_Cr_Q~--~ 
HCrO 
(en) c{~~OH ------t~ fen) c6~YOH 
2~0~ 2~o---¼ 
H I Nr2 (en )C6 
2 
"-o o 
2+ 
f-igurc 4 . 4 . 1 Proposed mechanism for he formation of the (Co(cn)i 
(oxamidato)] 2 + complex from the (Co(en)2(pyruva t e-
iminato)]2+ species . 
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The proposed mechanism involves intermediate valence states for 
Cr and is yet to be fully elucidated. By analogy with the serine 
system, there is also the possibility that the Co(en) 2 thr-Cr ester 
intermediate can rearrange di ffe rently, resulting in the glycine-
ethyliminato complex [4 . 4 . 3) . 
11:t:cH3 R 
/ H 0 - Cr = 0 
(en)2C\ q ~H 
0 0 ----
j +HCrO,. -+H+ 
[4 . 4.3] 
Further work is required in order to clarify the reaction 
mechanism . 
The DMSO/acetic anhydride reaction appears to result in the 
forma tion of the acetylglycine complex, and is more readily understood 
[4.4.4]. 
c> S a 0 
CH3 
+ 
Cl!3 
--->~ - OAc 
C!l3 
[4 . 4.4] 
0 I CII , 
ll~~®/CH3 
/ N 11\.:,, 0 - S , 
( ) C "'-. 0 Cll3 n 2 o OAc 
\.0 0 
---- (enl,C; ~ '.__,)--cH, , (Cllal,S • 110 c 
"-o.,lo 
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4 . 4 . 2 THE FORMYLATION REACTIONS 
It is clear that the conditions for the formylation procedure 
originally adopted using the methyl formate/sodium methoxide reagent 
with various [Co(Nq)(gly)] 2 + complexes are too harsh and result in 
severe decomposition. The Vilsmeicr-llaack reaction conditions resulted 
in little decomposition and led indirectly to the desired formylglycine 
product in hydrated form . 
Vilsmeier-Haack formylations are believed to occur via an initial 
reaction between phosphorous oxychloride and dimethyl formamide to form 
a 1:1 complex of the type (4.4.5] 261 , 262 . 
- CHO+ POCl3 CHCl 
1 
The cation so formed is a highly reactive nucleophile and in the 
absence of a stronger nucleophile it reacts with excess dimethyl 
formamide to yield stable salt s of the form (4 . 4 . 6]. 
Cl-13 II Cll3 
> .......... ~ .... ..... I / --Cll -- 0 - C - Cl I 
""' 
CH3 Cl CH3 
(4 . 4.S] 
(4.4.6] 
which can be the predominant product in these reactions where the 
subs t rate is a weak nucleophile 279 . Aliphatic carboxylic acids of the 
type RCH 2 COrn l are inert under these conditions , unless R can activate 
the adjacent methy l ene carbon to electrophilic attack, i.e . R should 
be an aromatic or heterocyclic residue, halogen or carboxylate 280 
derivativ . 
Attempts to formylate glycine hydrochloride and its -methyl , 
119 
-benzyl and -phenyl derivatives by using! (4h at 80°C followed by 
2h a t 125°C in excess D~IF) 268 resulted in trimethinium salts of the 
t ype [4 . 4 . 7]: 
El 
CII = C - CII . (Cll3)2 
I [4 . 4.7] 
0 R= CII - N(Cll3)2 R = 11, Cl1 3 , cp or cjl - CI~ -
A reaction mcchanism 281 by which these species could form is shown 
in Figure 4 . 4 . 2 . Initial attack by the chloromethylcne dimethyliminium 
ion! a t the carboxyla t c oxygen of the glycine derivative yields the 
we ll- known acid chloride species . The possibility of direct attack 
by POC l 3 on the substrate to form the acid chloride is ruled out by 
the established 261 • 262 immediate reaction of POC1 3 with l)IF to form 1. 
It is proposed that IICl is eliminated to form the highly nucleophilic 
1-.etene '}_2 82 1,hich immediately adds ! to form the 3-dimcthylamino-2-
aminoacrylylchloride ~ . The acid chloride moie y of l1is species now 
at t acks a mo l ecule of D IF, resulting, via an intramolecular rearrange-
ment , in decarboxylation of the amino acid derivative and formation of 
the dimcthiniurn species i· This simultaneously undergoes attack by a 
further mo l ecu l e of 1 at the nitrogen of he amino acid to yield the 
trimethinium salt 6 . It should be noted that if the amino acid 
ni t rogen is disubsti uted , tl:e glycine derivatives arc inert under 
these onditions . The requirement that at least one proton on this 
ni rogen be available for attack by the species! may stem from the 
need t o ini ti a ll y s t abilize the ke t ene as sh01m in (4 . . 8]. 
R - I 
I 
C-11 
II 
O= C 
RN N(CH)2 H:c-H 
0 Ct 
l l. H 
R~-d:-N(CH}2 
0A~c= N(c1-1 1 I ~ , '3'2 
H 
. ~ ~ 
(C~lf = C- r = C- N!CHJ2 
~---R 
6 C- H 
II 
• NICH:J~ 
Figu r e 4 . 4. 2 Proposed mcc hani sm 2 6 8 for the formation of th e 
tr ime thin ium species 6 from an -substit11 cd 
g l ycina t c compound . 
DMF 
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[4.4.8) 
.. .. 
EB II /Cl-1 3 
R- N-C =N 
II CH3 
C- 11 
I 
H- C = O 
Once gl ycine is chelated to an N4Co(III) centre , the reaction 
course under Vilsmeier-Haack conditions changes dramatically. The 
amino acid nitrogen is rendered inert to electrophilic attack , and 
formyla ti on of thi s nitrogen has not been observed in the present work. 
The coordina t ed carboxylate is unlikely to proceed to the dimethyliminium 
species via a reactive l inear ketene intermediate since this could only 
be coordinated in a bent arrangement . It is apparent that the mechanism 
used to explain the preceding results is inappropriate to explain the 
res ult s using the metal complexes . A feasible reaction mechanism to 
account for these observations is outlined in Figure 4 . 4.3 . 
Initial at t ack on th e species..!_ by the nucleophile 7_ results in 
the formation of the acid chloride!, possib l y via a cyclic mechanism, 
with li b ration of one equivalent of DMF . The possibility of initial 
attack by POC 13 to form the acid ch l oride species is ruled out, since 
premixing POC1 3 and D1F and subsequently adding them to the substrate 
in DMF results in the occurrence of the Vilsmeier-Haack reaction . The 
acid chloride moiety activates the me t hy l ene protons sufficiently 
towards attack by base that the -oPOCl2 species is able to eliminate 
a proton to yield the carbanion 9 . This nucleophilic centre now adds 
one equivalent of..!_, with elimination of HCl, t o yield the final [Co(tren) 
(3- dime thyl ami no -2-aminoacry l ylchloride)] 3 + bi dentate species 10. 
Formation of th is species deactivates tl1e acid chloride towards a ttack 
by anoth er equiva l ent of..!_ (un l ike the case of the free ligand), since 
H2 2+ H2 2+ 
/~ H CH3 N (tren)Co ,Ac~.f/ -------- (trenlc{ 7 
"'-._. , I '-. '-. h 
0 Cl CH3 0 ~9 
..1. 1 l Cl-i-N(CH3)2 
2+ 2+ 
(t re'"l)Co 1 ~y~N(CH:J)2 (tren)Co 
/~i ~ + ~H2 H ~ :B 
"--g .J' Cl Cl Cl 
8 ~ LB ,, 
H~H H ~ r-N(C~l (tren)Co c~ 2 
"-a 1 
B: = -OPOCI 2 
3+ 
t 
Figure 4.4.3 Proposed mechanism for the formation of the 
[Co( )4(3-dimethylamino-2-aminoacrylylchloride)] 3 + 
specie from the [Co( )4(gly)) 2 + omplexcs 
(In this case ( ) 4 = tren). 
10 
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the chelate now behaves as an unreactive chlorovinyl alcohol species 
which, in concert with the electron-withdrawing effect of the cobalt, 
inhibits further reaction. 
The other major product formed during the reaction is the [Co(tren) 
(Cl)(glyH)] 2+ species, which might arise as shown in Figure 4.4 . 4. 
Here the species..!._ attacks the lone pair of electrons of the 
carboxylate oxygen.!..!_, resulting in cleavage of the cobalt-oxygen 
bond g, and a rapid occupation of the vacant site at cobalt by chloride 
ion in so l ution . This would yield the monodentate coordinated acid 
chloride species 13 which would hydrolyse instantly to form the [Co(tren) 
(Cl)(glyll)] 2+ complex..!_!, with the liberation of one equivalent of HCl . 
This alternative reaction pathway would not be energetically favourable 
due to the initial difficulty of cleaving the cobalt-oxygen bond, and 
to the deactivating effect of the metal on the oxygen, reducing its 
susceptibility towards electrophilic attack . This would account for 
the yields of this side product. 
SPECIES 
These complexes were unusually stable in aqueous media and in 
acid. Upon standing in 12M HCl or 12M HC10 4 for 7 days, the p tren 
isomer was recovered unchanged. It required 161 H2S0 4 over "\,lQOH at 
20°( to hydrolyse the dimethyliminium species, conditions which yield 
the racemic hydrated aldehyde complex (4 . 4 . 9] . 
2+ 
(4 . 4 . 9] 
It is also possible to obtain this product rapidly, albeit in poor 
H2 2+ 
ltren)c~I ~ CH 
""~a '-" c == r~l 3 
I \..;'I \CH 
Cl 3 
l 
11 
12 
H 2+ H 2+ 
N2 N2 
(tren)C6 :L + DMF __ H-=-p __ ~(tren)T6 I + HCI 
ti O Cl Cl 0~ 
13 14 
f-igure 4. 4. 4 Proposed mcchnni sm f r he formn t ion of he 
[Co(,) 4 (glyll) (C l )] 2 + comp l exes during the 
Vilsmeier-llanck formy l a ti on of [Co( ' ) 4 (gly)] 2 + 
comp l exes (here (N)4 = tren). 
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yie ld, by treatment of the p isomer with base, followed by quenching 
with acid . The mechanism by which the hydrolysis occurs is not known 
at present; i . e . it is not known whether attack at the acid chloride 
or th e dimethyliminium centre is the rate-determining step . With 
respect t o the E and Z forms of the p [Co(tren)(3-dimethylamino-2-
aminoacrylylchloride))3+ (vide in ra Section 4 . 4.4) there is an 
indication that the sterically unfavourable E isomer hydrolyses 
rapidly in aqueous media to yield racemic p[Co(tren)(dihydroxymethyl-
2+ glycinato)]. 
The extraordinary stability of he dimethyliminium moiety towards 
acid hydrolysis can be attributed to the extended delocalisation in 
the chelat e framework mentioned earlier in the structural discussion . 
This re su lt s in the acid chloride species having a large degree of 
chlorovinyl alcohol character and hence being deactivated to1~ards 
pro tonat ion (the probab l e first step in the hydrolysis reaction). 
This behaviour is in marked contrast to that of th e organic substrates 
which are often unstable and rarely iso l able ; t hey hydrolyse readily 
in aqueous, acidic or basic media to yield a l dehydes 283 . Some cases 
of quite stab l e dimethyliminium intermediates have been observed 284 
however the functional group often appears in more than one position 
on tl1e substrate . The glycine hydrochloride species isolated from 
Vilsmeier-Haad. reaction conditions, the trimethinium salt,§_ is 
hydrolysed (2M aOH , 2h at 60°C) to aminomalonaldehyde ..!2_, although 
less severe hydrolytic conditions result in the formation of 
2-dime th yl aminomethy l eneamino-3-dimethylaminoacrolein _!_§_ and 
2-formamido-3 -dimethy laminoacrole in 1:i268 , shown in Figure 4 . 4.5 . 
4 . 4 . 4 THE STRUCTURE OF p ( Co (Tl~!. 
CHLORIDE)](ZnC1 4 )Cl . ll20 
1 . Th e cation: The geometry a t cobalt is approximately octahedral . 
CH3 H H CH3 CH3 H H ) N-C=r-C=N( ____ tr~ie~ih~y~lo~m_i_ne.;__, _)N-c=r-C=O 
CH3 N-R CH:J CH3 N- R I I C--H HC=O 
ll IC:. N+ J,,L 
CH-"'-CH -3 3 
K.iC03/ 
E thonol +Benzene 
16 
HO-~=C-~=O 
I 
NHR 1Z 
Figure 4.4 . 5 Products which arise from the base hydrolysis of the 
rimethinium pecics 6. 
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The three Co- (amine) bonds trian to amino groups do not differ 
appreciably in l ength . The Co- (2) bond is somewhat shorter in length 
presumably due to the different trans influence of the coordinated 
acid chloride func~iur.. 
It should however be bort in mind that (2) is apparently not 
invo l ved in the hydrogen bonding network (Table 4.3 . 5) whereas (3), 
N(4) and (5) are involved . The bond length from cobalt to secondary 
or tertiary nitrogens in multidcnta e chelating amines is usually 
shor t er than the bond length from cobalt to primary amine nitrogens, 
and indeed Co- (1) is shorter than Co- 1(3) and Co- (4) . The Co-0(1) 
bond l ength lies at the higher end of the range found in previou s ly 
reported work 285 . This is not surprising since coordination is 
formally via a dative bond from a kcto function . 
C( p 3 ) bond length in the tren ligand is 1. 495° 
The mean 
and this is similar 
to equival nt quantities in ( letrcn )(Co(III)) complexes 286 . 
The tren ligand adopts the enantiomorphic A(Ring I) 6(Ring II) 
A(Ring Ill)as labelled in Figure 4 . 3.l and A66 conformations . In 
principle there are eight possible conformations, namely A6A, A6 6, 
AAA, 666, 66A, AA6 , 6AA and 6A6 (using he convention that looking 
from th e tertiary nitrogen towards the cobalt atom, Ring I is to the 
left, Ring II to th e righ t and Ring III is down). Strain energy 
minimisation ca l cu l ations on the model cation [(trcn)(cn)Co(III)] 3 + 
indicate t hat the observed enantiomorphic and therefore equal energy 
conforma t ions of the tren ligand arc energetically more stable . A 
summary of the results of these alculations is available as supplement-
ary evidence to reference 273, and they are not discussed further . ot 
surprising l y th erefore , the same (A6A) configura ion is observed in 
[ ( t rcn) ( 1cs) 2Co (II I)] [1 CS] 2 8 7 . l! ri 1-.·ever a different configuration (AU) 
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is observed in the five-coordinate comp lexes [ (tren)(SCN)Cu)[NCS] 288 
and [ (MeGtren)BrCo(II))Br 289 . 
The biden t a t e ligand (which adopts th e Z configuration , vide 
infra) is approximately planar - deviations from t he mean coordination 
pl anes abou t (6) , C(9) and C(8) are given in Table 4 . 3 . 4 . Absolute 
planari t y , though maximising electron delocalisation, is probably 
not exact because of a close approach (vide infra) between the methyl 
group C( ll )H3 (Figure 4 . 3 .1 ) and the amine group N(S)l12 . It is clear 
that planarity of th e second possible (E, vide infra) configuration 
with dimethylamine and amino functions trans with respect to the 
C(8)-C(9) band is extreme l y unfavourable because of the close approach 
of a me t hy l group t o the chlorine atom . 
The (6) - C( l O) and N(6)-C(ll) bond l eng t hs are not significantly 
0 
differen t from the usual va l ue for a C-N(sp 2) bond length (l . 472A) 290 . 
0 
However the (6)-C(9) bond length (1.3O6A) approaches more closely 
that expec t ed for a carbon-nitrogen double bond (l . 27A) 291 1292 . The 
C(8)-C(9) and C(7)-C(8) bond l engths do not differ significantly and 
l ie between accepted values for C(sp 2)=C(sp 2) [l . 33A290 ) and C(sp 2)-
C(sp2) [l.51A 290 J, being similar to the C-C bond length in benzene 
0 
[ 1. 39 SA 2 9 o] . The C(7)-0( l ) bond length of 1. 267A lies between values 
obse rved for th e short er ( l. 233A290 ) and l onger ( l. 358A290 ) C-0 bonds 
in carboxy lic acids and esters . These observations togeth er with the 
approxima t e pl anarity of th e bidentate ligand suggest approximately 
equa l contr ibuti ons from th e ' re sonance structure ' _!.Q_ in Figure 4 . 4 . 3. 
The structure 10 is stabi li sed both by coordination to coba lt and 
by the presence of the dimethylamino group . A comparison of bond 
l engths for the C=C-C( l O)Cl framework with equivalent quantities in 
acry loyl ch loridet emphasises the deloca l isa t ion . Th C(7)-C l ( l ) bond 
t In acryloyl chlorjde, Cll2=CII- C(OlC l, th bond lengths are C=C 1. 36 , 
C-C 1. 44, C=O 1. 20 and C-Cl 1. 74A . 
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0 
length (1.72 3A) is similar to that in acryloyl chloride. 
The ang l es C(9)- (6)-C(ll), C(8)-C(9)-N(6) and N(5)-C(8)-C(9) are 
all l arger than the anticipated 'ideal ' value of 120° . This is 
probably to avoid too close an approach of the methyl group C(ll)H 3 to 
the coordinated amine function (5)H2. Even with these distortions, 
0 
the 11 (19) · · · · H(27) contact (2.34A) is somewhat short (Table 4 . 3. 5). 
2 . The Tetrachlorozincate Anion: The Zn-Cl bond lengths fall within 
the range reported in other determinations of the geometry of the 
tetrachlorozincate ion 286 , 293 - 295 . The anion exhibits distorted 
tetrahedral geometry . The angle Cl(2)-Zn - Cl(4), Cl(2)-Zn-Cl(5) and 
Cl(4)-Zn-C l (5) are approximately tetrahedral but Cl(2)-Zn-Cl(3) is 
larger and the remaining two angles smal l er , indicating the major 
distortion arises from moving Cl(3) away from Cl(2) towards the mid-
poin t of the Cl(4)-C l (5) vector . It is not possible to relate this 
distortion, or indeed the highly significant variation in Zn-Cl bond 
lengths, to the hydrogen bonding scheme (Table 4 . 3.5) . There is 
however , a close approach of Cl(l) in the cation to Cl(3) of the 
tetrachlorozincate anion (Table 4 . 3 . 5), and it seems likely that the 
distortion from t etrahedral geometry arises from this. The differences 
in Zn-C l bond l engths would then appear to result largely from an 
attempt to equalise Cl ·· ·· Cl non-bonded contacts within the tetra-
ch l orozinca t e anion, an example, therefore, of large variations in 
bond length arising from a spacially anisotropic distribution of 
non-bonding (Van der Waals) contacts . 
3. Crysta l Packing: The packing of ions in th e crystal lattice 
(Figure 4 . 3 . 3) is probably determined by hydrogen bonding interactions . 
The more important of these, using the shorter A··· · B contacts and 
A· ·· · 11 - Bangles approaching 180° as the criteria of importance, are 
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marked by thin lines in Figure 4 . 3.3 and details are listed in Table 
4 . 3. S. It is perhaps important to add that although the chloride ion 
Cl (6) appears, on the basis of the above criteria, to be involved in 
t hree hydrogen bonding interac tions the angles subtended by the hydrogen 
atoms at chlorine deviate substantially from the angles expected for 
0 
an sp 3 hybridised chlorine . The shorter non-bonding contacts (<2 .SA 
0 0 
for H· · · · H, <3.0A for Cl · · · · Hand <3 . 6A for Cl ·· · · Cl) are also listed 
0 
in Table 4 . 3 . 5 . Only the Cl(l) · · · · Cl(3) contact (3.29A) is exception-
al l y short . 
4.4 . 5 DOUBLE BOD ISOMERISM OF THE p [Co (TREN) (3-DIMETIIYLAMIN0-2-
AMINOACRYLYLCHLORIDE)] (ZnCl4)Cl . H20 COMPLEX 
The 3-dimethylamino-2-aminoacrylylchloride ligand can adopt either 
the E or Z configuration provided i t is planar in both cases (4.4.10] . 
H 
H2 I 
XC -tren c( 0 Cl (4.4 . 10] 
th e (E) isomer the (Z) isomer 
In the case of the p(Co( tren)(g l y) ) 2 + isomer, both species have 
been observed in solutions of the crude preparative mixture by 1H MR 
spectroscopy (0 2 0) . There are two high field singlets at 07 . 64 and 
6 . 86, and two doublets at 03 . 26 and 3 . 52 and 03 . 06 and 2 . 86. llowever 
in the solid state only one form was evident, and th e X-ray structural 
ana l ysis confirms the Z configuration for this species . Both species 
were observed in the 1H NMR spectra of bands recovered from cation 
exchange resin with 3M IICl and in these cases upon reducing the band 
to dryn ss the aforementioned 1H NMR spectrum was observed with, in 
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addition, a singlet at 62 . 48 which increases in i nt ensi t y upon 
s t anding . This was shown to be dimethylamine, by noting the increase 
in intensity of thi s signal on addition of authentic dimethylamine . 
A si ngl e t a t 65 . 20 was also observed , which increased in intensity 
upon standing , characteristic of t he -CH(OII) 2 singlet observed in the 
111 MR spec trum of racemic F [Co(tren) fdihydroxy-
me thyl g lycirato)] 2+. The 1 11 , m spectrum of the ZnCl 4 sa lt recovered 
from t his band exhibit ed on l y one high field singlet, at 67 . 64 , and one 
me th y l doublet {63 52 and 6326} . These pcnks arc assigned to the Z 
isomer of t he comp l ex , as shown by the X-ray analysis of the so l id 
crys t a ll ine pr oduc t. 
Assuming a planar configuration for th e E form of the ligand , 
an ene r ge ticall y unfavourable situation develops where one methy l 
group of th e dimethyliminium moiety is very close t o t he chloride a t om: 
th ere appears t o be littl e steric hindrance in the Z isomer. A slow 
(o n th e 111 tR spec t rum t imescale) decomposi ti on of t he E isomer t o 
p [Co(tren)(dihydroxymethylglycinato)] 2+ and dimethylamine is implicated 
by the ear li er evidence . 
Ex tra peaks of th e t ype discussed above were not observed for 
t [Co( ren) (3 -d ime th y l amino-2-nminoacryly l chloride) 1 (ZnCI 4)(! . 21120 nor 
was th ere any sign of dimethylnmine, indica t ing rapid decomposition 
of the E isomer of thi s species, if it was presen t. Similar l y only 
one isomer of raccmic B2[Co( t rien)(3-dimethylamino - 2-nminoacryly l -
ch lorit.l e)](C lO 4)3 .11 2O h'HS observed in a bant.l from cation exchange 
resin ; however dimethylamine (62 . 48 ppm , sing l et ) was some t imes 
obs rved i n the 1 11 JR spec trum, 1d1ich sugges t ed that possibly he 
other isomer was initial l y present and had decomposed. The E and Z 
isomer s are not in equi l ibrium wi th one ano th er , since addi t ion of 
the crystalline Z isomer does not cause any increase in the 
concentration of the E isomer in the 1H MR spectrum, even over 
a long period of time . 
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REACTIONS INVOLVI G p [Co (TREN) (DIIIYDROXYMETIIYLGLYCI ATO) ]-
ZnCL.. 2H2O: TIIE SY THESIS OF SOME PENICILLIN PRECURSORS 
5 . 1 I TRODUCTIO 
The preparation of the hydrated aldehyde complex p[Co(tren)-
(dihydroxymethylglycinato)]ZnC14.2112O described in the preceding chapter 
provided a viable means for testing the hypothesis outlined in 
Scheme 1.4 . 2 of the General Introduction (Chapter One): the 
condensation of t his comp l ex with (S) - penicillamine could yield the 
penici ll oic acid comp l ex i (Scheme 1. 4 . 2) . Further, subsequent 
condensation be t ween the carbonyl group of the chelated carboxylate 
moiety and the nitrogen of the pre-formed t hiazolidine ring could 
then fina l ly result in a chelated 6-aminopenicillanic acid complex 6 . 
The reactivity of the hydrated aldehyde complex was first 
explored . A logica l starting point was an examination of reactions 
which aldehydes normal l y undergo , such as reduction to primary 
alcohols and formation of hemiaceta l s and acetals with alcohols in 
acid . An X-ray crystallographic study of the aldehyde compound was 
un dertaken to confirm the hydrated aldehyde formulation for the 
comp l ex . Fina l ly the condensation of the complex with (S)-penicillamine 
was carried out in acidic aqueous solution and in DMSO, and these 
resu lt s arc presented, as well as an X-ray crystallographic structural 
study of a product from this reaction, to confirm the synthesis of a 
penici l loic acid derivative . 
I t is obvious that a model compound of th e likely condensation 
produc t from reactions such as those out l i ned above wou l d be 
i nva l uab l e for comparative purposes in structure and isomer assign-
me nts . The [Co(N)4(thiazolidine-4-CO2)] 2+ complexes prepared in 
Chapter Three provide an initia l basis for such mode l compounds since 
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th e thiazolidine-4-carboxylic acid moiety is an integral part of 
th e penicillin nucleus . llowever synthetic attempts at preparing 
model compounds of natural penici ll in itself and related derivatives 
were not succesful. 
A metal complex of a penicillin or of the penicillin nucleus 
(6-APA} is unknown, and attempts in this laboratory to try and 
prepare a Co(II I ) complex of penicillin or 6-APA have been 
unsuccessful, resulting largely in intractable solids. 29 & Penicilloic 
acid complexes , however , are known although they have never been 
characterised crystallographical ly or spectroscopically . \\fork 
during the Ivar Effort (Sec t ion 1 . 2 . 1) or. degradation reactions of 
penicillins established that the 6-lactam linkage ( '-C(7)) in all 
penici ll ins 1~as cleaved by base and hydrolysed to dibasic penicilloic 
acid derivatives 297 [5 . 1.l ] . 
0 
Rg _S~ l3 
II~~ Cll3 
0 COOll 
S Cll 3 
"' ' J-= 1-:_:j-u:, 
0 ~ COOi! 
penicillin 6-aminopenicillanic acid 
(5 .1.l ] 
6- aminopenicilloic acid 
Both Cu( Tl } and Pb( TT } were used in this work to extract benzyl-
penici llo ic acid from degrada t ion r actions of benzylpenicillin. 
D-Bc 11 zy lpenici ll oic acid was isolated from aqueous media as an 
amorphous,, hite, water insolub l e lead sal and regenerated by 
treatment of thi s lead salt with 112S . Partial epimerisation of the 
produc t was a l so not din some cases . 298 Treatment of benzylpenicillin 
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with aqueous CuS04 resulted in th e isolation of the blue crystalline 
pen icilloic ac i d comp l ex , however a sma ll amount of benzylpenillic 
acid (ref . Scheme 1 . 2 .1 ) was formed as a by-product and mu t ar otation 
of the penicilloic acid occurred. Treatment of 0-a-benzylpenicillint 
(and 0-a - benzylpenicil l oic acid) wi th Cu(II) resulted in the recovery 
(after treatment of the compl ex wi th H2S) of D- 6-ben zylpenici l loic 
acid . Similar treatment of 0- y-benzy lpen ici llo ic acid wi th Cu(II) 
. f h D J: • 299 a l so r es ulted 1n recove ry o t e - u isomer . Experimental details 
were reported but no discussion of th ese results was given . ~1ile the 
de t ai l s ou tlined in reference 298 were too sketchy to hypothesize about 
possible bonding modes of Cu(II) and Pb(II) in thes e complexes, it 
n+ 
would seem feasib le that a [Co( )4XY] complex might chelate to 
thi s ligand through oxygen and ni trogen, and t wo (N, O) bondi ng modes 
are possib l e [5 .1. 2 ] (note (N, S) bonding is rul ed out due to s t eric 
considerations (refer to the discussion of the 4Co thiazolidine 
complexes in Chapter Four)). 
H2 ~fS CH3 
HOOC ) } Cl--1 3 
N4Co II 
0 0 
[ 5 . 1.2] 
5 . 2 EXP ER INE TAL 
5 . 2 . 1 INSTRUME 
111 NMR spectra were measured using a JEOL Minimar 100 MHz spectro-
meter on external lock using the int ernal reference sodium 3-(triphenyl-
sily l) propa nesulphonate( ATPS) . The abbreviations singlet (s), 
t For an explanation of thi s system of nomencl ature for describing 
various isomers of the penicillins and penici lloic acids , see 
Chapt r One , p. 14 . 
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doub l et (d), triplet (t), quartet (q), multiplet (m) and hroad (b) 
have been used throughou t to describe multiplicities . Fourier trans-
form 13 C NMR spectra were measured using a JEOL JN I-FX 60 spectrometer 
on internal lock (020) and using the internal reference dioxane. 
Visible spectra were recorded with Cary 1ode l 118C spectropho tometers , 
and optical rotatory dispersion (ORD) spectra 1,ere measured on a Perkin-
Elmer P22 spectropolarimeter . 1olar absorbtivity (E) \\as measured as 
1- 1 cm- 1 and mo lar rotation ( [~1] ) at 20°C was measured as de g 1- 1m- 1 
respectively. The ca ti on exchange resins used were 001,•ex 50\\IX2, II+ or 
1 a+ form (200 - 400 mesh) and Sephadex SPC-25, Na+ form; evaporation of 
solvents was carried out on a Buchi Ro t ary Evapo rat ion apparatus with 
water bath at 40°C. 
5.2 . 2 l~ Ei\CT IO S 01· p [Co(TRE )(DIIIYDROXYMETIIYLGLYCl N TO)lZnC:h . 2!!20 
l. 13114 I~ due ion: The complex (2g, 0 . 004 mo l e) was dissolved in 
phosphate tuffcr (pll 6. 6, 30 ml ) and I aB!l4 (lg , 0 .026 mole) 1 as 
added slowly with stirring. 112 was evolved rapidly throughout the 
addition. The solution was de gassed with ' 2, diluted I ith 11 20 (100 
ml) and sorl>ec! on a column of 001,cx a+ resin. After washing with 
1120 , the column was eluted 1,ith 2 I II Cl and one yello1, orange 2+ 
hand was recovered . This was r duced to dryness anJ crystallized 
(1 . 8g, 96°0) as orange needles which 1,•ere filtered, 1 ashed with 
ethanol and ether and Jried in air. Anal . Cal d . for [CoC9ll24 s09S2]: 
C, 23.13; 11 5 .1 6; 1 , 14 . 93; S, 13 . 65; Co, 12.58 . Found C, 22.5: 
11, 5 . 3 · , 13. 6; S, 13. 9; Co, 12 . 2 . E 470 105 E: 34 1 97 (110). max max 2 
111 ~Ill spectrum (l0- 2 1 DCI): o (ppm) 2.8-3 . 76 (b, 1211, tren- CH2-) , 
3.92 (s, 211, -CH20II); .40-4. 76 (b . 611, tren- ,1'2-). 
13C IR sp ctrum (10- 2 1 DCI): 6 (ppm) +117 . 3(-COO); -4.9(-Cll20II); 
I 
-7 . 2(- :~11-): -4.9, -7 . 3 , -21.0, -2l.8(tren- C'll2-) . 
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2 . Conversion to p fCo(tr e n) (hyc.lroxyethoxymethylglycinato)lZnCI 4 : 
p [Co (tren) (c.lihydroxymethylglycinato)] ZnCl 4. 21i20 (Sg , 'l . 009 mole) 1,as 
di sso l ved in 11 20 (25 ml) wi th stirring . Ethanol (SO ml) was added 
an d th e so lut ion cooled (4°C, 24 h). The addi t ion of excess ZnCl2 
in 3~1 IIC I yielded orange plates of p[Co( tren) (hyc.lroxyethoxymethyl-
glycinato) ]ZnCl4 (3 . 2g , 63~) which were filtered, washed witl1 ethanol and 
e th e r and dried in air . The hydroxymethoxy adduct has been prepared 
in th e same fashion using methanol . Anal . Cal d. for [CoC 11 11 28 5 0 4 ZnC1 4 ]: 
C, 23 . 57; 11 , 5 . 04; , 12.50; Co , 10.52; Cl, 25 . 36 . found: C, 23.6 ; 
II, 5 . 3; N, 12 . 2; Co , 11.0; Cl , 26.5. 
111 1R spectrum (020): o (ppm) 1.20-1.40 (m, 3H , - CH3 ); 2 . 88-3 . 70 (b, 
12!1, tren-CH2 - ); 3 . 72-4 . 04 (m , 2!1 , -CH 2-0- ); 5 . 25 (d , -CH (Oll)(OC 2ll 5 )); 
5 . 54 (s , -CH(OII) 2). 
13 C ~IR spectrum (0 20): The complex hydrolysed to the dihydroxymethyl-
glycine species and free ethanol during the time required for data 
accumu l ation for a reasonab l e 13 C 1R spectrum . 
3. Co ndensation with (S)pcnicillamine: The complex (Sg, 0.009 mole) 
was dissolved in !)~ISO (100 ml) with stirring and (S)penicillamine (2 . 3g, 
0 . 015 mole) added unti l it dissolved complete l y (-1 h). The mixture 
was a ll o1 ed to stand(2o'C , - 120 h) and the golden - orange solu ion 
became a deeper orange-brown colour . The mixture was tri turat ed 1,•i th 
etha nol /et her (1:4, 3 £) and a pal yellow solid was depo iced. The 
solid was fi lt ered , washed with ethanol twice and ether to yield the 
cruder ac ti on product (5 . 2g, 90°0). The crude product was dissolved in 
H20 ( 10 ml, 30°C) and aq . Li 03/LiCl04 ( 10 ml, 2 I in Li+) added 
followed by methanol (200 ml ) , and the mixture cooled (4°C, 24 h) . 
Yel low plates formed , which were fi l tered and subsequently recrystallized 
three times using the same procedure , washed with methanol and ether and 
dried in air, to yie l d p [Co(tren)((R, S S) (a-rnnino-4-carboxy - 5 , 5-dimethyl-2 -
thiazolidineacetic acidato)]( 03)C l 04 (hereafter known as p [Co(tren) 
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((R , S)penici ll oic acidato))(N0 3)Cl0 4) (1.6g , 30%) a s an isomerically 
pure comp l ex (111 and 13C MR spectra). l!nal . Calcd . for [CoC 14 11 31 70 11 SC1): 
C, 28 . 02; 11, 5 . 21; , 16 . 35 ; S , 5.34; Co , 9 . 83; Cl , 5.91. Found: C, 28 . 2; 
H, 5 . 2; N, 16 . 1; S , 5 . 1; Co , 9 . 8; Cl , 6 . 1 . €472 131 - 340 
max ' €sh 
[M}i8 5 +3010 (ll20) . 
111 ~m spectrum (10- 2 1 DC I ): o (ppm) 1.66, 1.81 (d, 611, -(CH 3)2); 
2 . 80-3 . 76 (b, 1211 , tren-CH2-); 4 . 78 (s , 111, -C(3)H); 4 . 12 (q, J=8llz, 
111 , -C(6)H); 5 . 58 (d, J=lOllz , 111, -C(5)H); 4 . 50-5 . 00 (b , 1211, tren- H2); 
6 . 30-6 . 60 (b , 211 , amino acid- H2). 
13 C 1R spectrum (1O- 2M DCl): o (ppm) +112.5 (-COO); +100 . 3 (- COOi!); 
+5 . 1 (-C(6)); - 5 . 6 ( - C(3)); -8 . 3 ( - C(5)); -13 . 9 ( - C(C113)2); -4 . 7, -7.3, 
-21 . 0 , -~1.7 (tren-CH2); -38.2, -39.7 ((Cll 3)2) . 
This condensation has also been carried out in aqueous media 
(acetate buffer , pll 4 . 8) over -100 hat 2O°C , fo ll owed by column 
chromatography of the mix ture (Dowex it resin). Elut ion with 2 I IICl 
yie ld ed one orange 2+ band which was reduced t o dryness and treated 
wi th Li 03/LiC10 4 to give the same compound as the above (111 , 13 C 
NMR spectra ) . The addi t ion of excess ZnCl4 in LiCl(aq) yielded 
orange-ye ll ow b l ock -l ike crystals which were not isomerically pure 
C, 22 . 05 ; 11, 4. 10; , 11.02; S, 4 .1 9; Co, 7 . 73; Cl , 23.26; Zn, 17 . 06 . 
Found: C, 21. 9 ; 11 , 4 . 9; , 10 . 8; S , 4 . 1; Co, 7 . 8; Cl , 23 .5; Zn , 17.3. 
The deprotonated form of the above complex was prepared by 
dissolving the 2+ complex (3g) in 1120 (20 ml) containing Tri buffer 
(O . 5g,pll 9 ) and adding ~aClQ4 (5g) . Cooling the solution 
(4°C , 24 h) yie ]d ,d :;olden blocks of p[Co(tren)((R, S, S)penicilloic 
ncid:1t o))C l 0 4 . Anal . Ca lud . for (CoC 14ll30 50eSC l) : C, 31.31; 11, 5.64; 
N, 15. 66; S, 5. 96; Cl, 6 . 6 1. Found: C, 30. 8; II, 5 . 6; , 15. 2; S , 5 . 7; 
Cl, 6 . 7 . 
135 
The Synthesi~ of p[Co(tren)[R,R, S)penicilloic acidato)]Cl0 4. o3: 
6-Aminopenicilloic acid was prepared by dissolving 6-aminopenicillanic 
acid (4 . 8g , 0 . 022 mole) in NaOH (37 ml lM, 2 . 2 equiv) and, after 24 h 
at 25°C, reducing the pale yel l ow solution to dryness. The flocculent 
yellow solid (5g , 83%) appeared to be isomerically pure ( 1H NMR spectro-
scopy) . 11-1 NMR control exi:;eriments (in deuterated solvent) showed no 
1-1-0 methine exchange , confirming this (Figure 5 . 3.6). 
[Co (tren) (DMS0)2](Cl04)3 (10g , 0 . 02 mole) was dissolved in DMSO (150 ml) 
with stirring, and the crude disodium 6- aminopenicilloic acid (5 . 6g) and 
triethylamine (3 ml) were added . Heating the mixture (80°C, 20 min) 
resu lted in a co l our change from purp l e to a deep brown-orange . The 
mixture was diluted with HCl (0 . 2M, 500 ml ) and sorbed on a column 
(60 mm x 600 mm) of Dowex H+ resin. After washing with H20 the column 
was e lut ed with 2M HCl, and minor purple and brown bands were discarded. 
Then fol l owed an orange-yellow 2+ product which was reduced to dryness 
and crystallized from Li 03/LiCl04 to yield yellow plates of 
p [Co (tren)((R,R, S) penicilloic acidato)] Cl04 . N0 3 (5g, 42%) which were 
filtered, washed with ethanol and ether and dried in air. [Using [Co 
(tren)(Oll) (Oll2)](C10 4) 2 in place of [Co(tren)(DMS0)2](Cl04)3 yielded 
the same compound ( 1H and 13C NMR spectroscopy, elemental analysis).] 
Ana.7, . Ca lcd . for [CoC14H31N1011SCl]: C, 28.02; H, 5.21; N, 16 . 35; 
S, 5 . 34 ; Co, 9 . 83 ; Cl, 5.91. Found: C, 28 . 1; H, 5 . 5; , 16 . 1; S, 5 . 0; 
Co , 9 . 8 ; C 1 , 6 . 2 . E472 129 E-sh340 165 (H20). max ' 
1H NMR spectrum (l0- 2M DCl): 6 (ppm) 1.60, 1.80 (d, 6H, (CH3)2); 
2 . 72-3 . 80 (b, 12H, tren-CH2-); 4 .1 6 (q, J=8Hz , lH, -C(6)H); 4 . 64 (s, 
lH, -C(3)H); 5 . 50 (d, J=lOHz, 111, -C(5)H)· 4 . 48-5 . 00 (b , 6H, tren- H2); 
6 . 28-6 . 60 (b , 2H , amino acid - H2). 
13c NMR sp ctrum (10- 2M DCl): 6 (ppm) +112.6 (-COO); +100 . 3 (- COOH); 
+ 5 . 1 ( - C ( 6) ) ; - 5 . 5 ( - C ( 3)); - 8. 2 ( - C ( 5)) ; -13 . 9 ( -C ( CH 3 )2) ; - 4 . 5, - 7. 1 , 
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-20 . 9 , -21.6 (tren-CH2); - 38 . 2, -39 .6 ((Cll 3) 2). 
The Attempted Synthesis of the p(N,O) [Co(tren)[R,R,5)6-amino-
. . 1 ] n+ pen1c1 l anato Complex: 1. p[Co(tren)OCR, R, S)penicilloic acidato)]-
N03 . Cl04 ( l. Og, 0 . 0017 mole) was dissolved in H20 (SO ml) and l-ethyl-
3(3-dimethy l aminopropyl)carbodiimide . llCl (1.7g , S equiv) was added and 
the mixture stirred (2 h , 20°C) . After standing (24 h, 20°C) the 
mixture was diluted with H20 (200 ml), sorbed on a small column of 
+ Dowex H resin and washed with 11 20. Elution with 2M HCl yielded one 
yellow 2+ band which was reduced to dryness and shown to be starting 
material ( 1H NMR spectrum, analysis of the ( 0 3.Cl04) salt). 
2 . p[Co(tren)((R, R, S)penicilloic acidato] 0 3. Cl0 4 (l . Sg, 0 . 0025 mole) 
was converted to the Cl2 salt (Dowex 1x8 Cl Anion exchange resin) and 
the (CF 3S0 3) 2 salt of the complex prepared by treating the dichloride 
salt with AgCF 3S0 3 (2 . 7g , 2 . 1 equiv), removing solid AgCl by filtration 
and reducing the pale yellow filtrate to dryness. The (CF3S03) salt 
was dried under vacuum (6 mm Hg, 20°C) for 24 h, dry methanol (30 ml) 
added and the resultant solution cooled (4°C). Dry, freshly distilled 
SOCl2 (4 ml , 10 equiv) was added slowly and the mixture stirred (90 min, 
20°C) before the removal of methanol and residual anhydrous S03 and HCl 
under vacuum (6 mm Hg, 20°C , 48 h) . The orange solid recovered was 
dissolved i n dry D 1S0 (100 ml) with stirring . Triethylamine (0 . 6g, 
2.1 equiv) was added and the mixture stirred (20 min , 20°C) until 
a colour change from ye llow-orange to a deeper orange - brown occurred 
then the solution was diluted with HCl (0 . 2M, 1 1) and sorbed on a 
column of Dowex H+ resin. After washing with water, the column was 
e luted with 2M HCl and two minor violet l+ and 2+ bands discarded . Follow-
ing these bands a major 2+ orange-yellow band was recovered and shown 
t b · mater1· al ( 1 Ii o e starting MR spectrum,and analysis of the ( 03 . C}04) 
salt) . 
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The Attempted Recovery of 6-Aminopenicilloic Acid: 
1 . p[Co( tren)[R, S,S)penici lloic acidato)]Cl04 . N03 (2g) was dissolved in 
2M HCl (SO ml) and Na8H4 ( l.Sg, 3 equiv) added with stirring . After 
effervescence ceased the colour of the so l ution was a clear golden 
ye ll ow, indicating little if any reduction had occurred . The addition 
of fur th er 8H4- caused no colour change . 
2 . p [Co(tren)[R, S, S)penicilloic acidato)]Cl04 . 03 (2g) was dissolved 
i n H20 (SO ml ) and Na2C03(s) added to pH 8 . !12S(g) was passed through 
the so lut ion (15 min) to yield a precipitate of black Co2S3 and a clear, 
faintly pink so lution. The solution was diluted with !120 (100 ml) and 
sorbed on a sma ll co lumn of Dowex H+ resin. Elution wi th O. SM HCl 
fo llowed by reduction of the eluate (S 1) yie lded no products . 
Increasing the eluant strength to 11 IICl yielded solid tren.3HC1 
after evaporation of the so l ven t. 
5 . 2 . 3 X-RAY CRYSTALLOGRAPHIC STRUCTURAL OETERMI ATIO OF 
p [Co(Tl<E) ( OIHYOROXY ETHYLGLYCI ATO]ZnC1 4 . 2H 2O 
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5.2 . 3 . 1 Data Collection: Ye llow-orange need l es of a racemic mixture 
of p[Co(trcn) (dihydro xymethylglycin;ito))ZnC1 4 . 2ll 2O 1,erc gro1 n from a 
mixture of excess ZnC l 2 in 3M HCl. Several of t hese crystals which 
we r e of suitab l e size for X- ray single crystal diffraction analysis 
we re mounted on quart z fibres using "Araldite" as an adhesive . 
Preliminary lveissenberg (CuKa radiation) and Precession (MoKa radia tion ) 
photographs of (0-2) kl and k(0 -l) l l ayers respectively , of th e 
r eciproca l l at t ice space , showed Laue symme t ry of 2/m and rev<'a I ed 
sys t ema Li c absences for r eflect ions h , k , l ; h + k = 2n + 1 and hOl ; 
l = 2n + 1, thus characterising the space group as Cc or C2/c 300 • The 
measured densi t y (vide infra) indicated t ha t there were on l y 4 
molecules per unit cell and as the molecu l e does not contain a centre 
of symmetry or a 2-fo ld axis, th e space group Cc was confirmed . 
Approximate cell dimensions, calculated from pho t ographs , are 
a= 9 . 23, b = 16 . 98 , c = 13.32A, B = 97° 45 ' and V = 2069A 3 • The 
density 0
111
, determined by flotation in a mixture of carbon tetra-
-1 bromi de and chlorobenzene, was 1 .83g cm The molecular weight 
of th e complex (assumi ng two molecules of water of hydration, c . 
e lemental ana l ysis (p 108)) is 568 .45g/mo l e . Using this va lue and th e 
approximate cell dimensi ons obtained from the photographs , tl1e calcula ted 
- , densit y , p , is 1. 825g cm for Z (the number of molecules in the unit 
C 
cell) equa l to 4 . The symme try operations of space group Cc give rise 
to 4 equivalent positions in the uni t cell 300 : 
X y Z -1 + X 4 + y z 
X - y 1 + Z 1, + X !2 - y _-1, +z 
and hence no crysta llographic symmetry restrictions are imposed on the 
molecule . 
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The crystal se l ec t ed for dat a aquisi ti on had centrosymrnetrically 
re l ated pairs of boundingfaces at {100} , {021} and {021} , with distances 
be t ween th em (mm) of 0 . 22, 0 . 13 and 0 . 14 r especti ve l y . The crysta l 
was tran s ferr ed onto a full y automated Philips PWll00/20 four circ l e 
diffractome t er and optically centred with respect to t he 0 and X 
mo tions . 0 Graphite -crys tal monochromated loK r adiation (>. = O. 7107A) 
a 
was us ed for the data collection. Cell dimensions were redetermined 
by the leas t squares r e fin emen t of the diffractometer se tt ing angles 
of 25 centred reflections (see Appendix C for further details). The 
counting chain used in the P\\'1100/20 has a 1 inear response up to 
100 , 000 cps . As there were no data approaching this intensity, 
attenuators we r e not used . The unit ce ll par ameters thus determined 
are a = 9 . 217(2), b = 16.926(3), 
21°c. 
0 
= 13.315(2)A, and B = 97 .92( 1) 0 at 
Int ens ities of r ef l ec tions in the octants h k ±land -h k ±l, which 
are not equivalent in th e Laue group m if Friedal ' s Law does not app l y , 
we re recorded with the range 3°,2e,so 0 • The 6 - 26 continuous scan 
technique was used, a t a scan speed of 1.8° min - 1 with a scan width 
from 0.8° below th e Ka i peak to 0 . 8° above the Ka 2 peak . Stationary 
background count s of 10s duration were made at each end of the scan 
range . To check any possible crystal shift, crys tal decomposition and 
e lectronic instability during data collection, th e intensities of three 
s trong r eflections 4 0 0, 0 6 0 and O O 8 were measured regularly eve r y 
120 minut es . o significant crystal degradation was observed . Of the 
40 14 refl ections m asured,only 3634 were unique, and of these the 3071 
(85%) for which I>2a(I) were used in subsequen t calculations . Data 
reduction was carried out using the program SETUP3 . The i nt egra t ed 
i ntens ity , I, of a ref l ection and its estimated standard devia tion, ~I, 
were calculated from the following expressions: 
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I = (CP (tp/tb) (Bl + 82)) 
61 = [CP + (tp/tb) 2 (Bl + 82)) ~ 
where CP is the scan count, Bl and 82 are th e background counts at the 
limits of the scan range , tp and tb are the scan time and total 
background counting time respectively. Any reflection with IO was 
considered unobserved; reflections for which the t10 background 
measurements differed significantly (i . e. if I 81-82 J / (B1+82) ~) 2.0) 
were also discarded. The Lorentz-polari sa tion factor (LP) is given 
by the expression LP (cos 2 28 + cos 2 20m )/[sin28 (1 + cos 2 2Bm) ] where 
20 and 28m (12.16) are th e Bragg ang l es for the reflection concerned 
and the monochromator, respectively . The unscaled structure factor 
amplitudes, F * and their standard deviations, a(F *) were calculated 
0 0 
from the following expressions:-
1~ 
F * = (I/LPf 
0 
where p(0 . 02) is an arbitrarily assigned factor to allow for instrumental 
, I I JO [ 
"uncertainty . . 
The data were sorted to the desired order for efficient operation 
of subsequent programs using the program SORTER . Simultaneously 
reflections for I hich I/61 <2 . 0 were discarded as being unobserved . 
The s tati stica l discrepancy factor for the data set, defined as 
[a (F *)/[JF *I (where a (F *) = (LP)- 16I/2(F *)) is 0.044. 
S O O S O 0 
The r ystnl nnd experimcntnl c.lnta Jiscussecl above arc summarised 
in Table 5.2.1. 
5 . 2.3 . 2 So lution and Refinement of the Structure: 
Solution of the Patterson map - Using the program /1. 'UFOR, a 
Patterson map was calculated over the range o,u ¾, 0 v,i ,-~ Wt , where 
Table 5 . 2 . 1 
R::iccmic p [Co ( ren) (dihydroxymethy l gl ycine)] ZnCl,. . 211 20 
Crystal data and experimental summary 
Chemica l Formula 
Formu l a\ eigh t 
Crystal System 
Space Group 
Unit cell determinations 
Radiation used 1n unit cell 
determinations 
Unit cell dimensions (at 21°C) 
Uni t ce ll volume 
P (0 0 0) 
D 
m asd 
Fo rmul a un i t s per cell 
568. 4 7 
monoclinic 
C ( c 4 ) 
s 
least squares refinement of 28 , w, X 
~ va lues (diffractometer) for 25 
centred reflections 
(Appendix C) 
0 
~loK- (.\ = 0 . 7107 A) 
a 
0 
a = 9.217(2) A 
0 
b 16 . 926(3) A 
0 
C = 13 . 315(2) A 
8 = 97 . 92( 1) 0 
2057.4 A3 
1160 
1.83 g cm- 3 
(by f l otation in ch loro benzene/ 
carbon tetrabromide) 
Z = 4 (continued) 
Table 5 . 2 .l (continued) 
D 
ca l cd 
Linear absorption coefficient 
Instrument used for data 
collection 
Radiation used to record 
intensities 
Crystal size 
Principal faces on crystals 
lleflection forms recorded 
Angular ra11ge 
Type of scan 
Scan range 
Scan rat 
Background count time 
Standard reflections 
Interval for measurement of 
standards 
1 umber of reflections measured 
Effect of background imbalance 
1. 825 g cm- 1 
\J = 25 . 86 cm- 1 
automated Philip s PWll00/20 
4-circle diffractometer 
MoKa, graphite crystal mono-
0 
chromated (A= 0 . 7107 A) 
0 .2 2 x 0.13 x 0 . 14 mm 
{100},{021} , {02 1} 
(h ,k, H) and ( -h ,k, H) 
0-20 scan 
(20 -0.80) 0 to (20 +0 . 80) 0 
a, a 1 
1.8° min- 1 
2 x 10 sec (with stationary crystal 
ands ationary counter) 
4 0 O; 0 6 O; 0 0 8 
every 120 min 
401 
(continued) 
Table 5.2.1 (continued) 
Instrumental "uncertainty facto r" p = 0 . 02 
Criterion for observability I/61>2 
Treatment of unobservably weak if I/61,2, reflection was given 
reflections zero weight in subsequent analysis 
Number of unique reflections 3071 
above threshold 
Criterion of data quality 
141 
U, V and W arc the fractional coordinates of the unit cell in the 
Pa t terson map . The symmetry of the map is that of the Laue group, 
viz C2/m forth c space group Cc, and so the map was calculated for this 
Laue group . 
From a consideration of the general positions of space group Cc 
(p . 139), it can be seen that vectors between symmetry-related atoms 
give rise to the general llarker conditions: 
0 0 0 
0 2y ¾ Harker line 
1.,. ~ 0 '2 
1~ 
~+2y ~ '2 llarker line 
The 3 largest peaks in the Patterson map (other than the origin 
peak) were: 
0 
0 . 09 
0 .10 
0.20 
0 . 10 0 . 4 
llarker vector 
!larker vector 
Interatomic vector 
which are consistent with heavy atoms at (0 . 09, 0.20, 0 . 91) and (0, 
0 . 10 , 0 . 50). These coordinates were assigned to the zinc and cobalt 
atoms respectively, on the basis of the relative electron density at 
each peal-. in the Patterson map. 
Structure factors based on the contribution from the cobalt atom 
above were calculated using the program SFLS . Scattering factors for 
Zn, Co , Cl, 0, , C and H, together with corrections for the real and 
imaginary parts of anomalous scattering for Zn, Co, Cl, 0 . and C, were 
tal-.en from reference 302 . Full-matrix least-squares analysis ~as used 
in the structure refinemen The function minimised was Ew(IF0 1-k1Fcl) 2 
where IF
0
1 is the scaled observed structure factor amplitude, IFcl is 
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the calculated s t ruc ture factor amplitude based on the proposed model, 
k is an overall scale factor, and w is the weight of an observation 
which was taken to be uni ty initially and in lat er stages of refinement 
assumed the form w(hkl) = l/ o2 [J F I (hkl)] . For the fi r s t cycle of 
0 
refinement an isotropic temperature factor of 3.0 was arbitrarily 
assigned to the cobalt atom , and an arbitrary scale fac tor of 1.0 was 
used . After refinement the unweighted reliability factor, R1, was 0 . 467 
and the weighted reliability factor, R2, was 0.534, where R1 and R2 
are defined by: 
kJF I ln:JF I C 0 
Using the phases of th e values of F and the amplitudes from the values 
C 
of F (scaled to those of F ) , a Fourier map was calculated using the 
0 C 
program ANUFOR, which clearly revealed the positions of all non-
hydrogen atoms, as well as two water oxygen atoms. Initially isotropic 
temperature factors were assigned to the 26 atoms . Two cycles of 
refinement of the scale factor and the coordinates and temperature 
factors of all 26 a toms yielded a value of 0.112 for R1. At this 
point he t emperature factors for the cobalt, zinc and four 
chlorine atoms were expressed in the usual form of anisotropic 
temperature factors: 
Two further cycles of refinement of all parameters, including the 
elements of the anisotropic temperature factors, gave a value of 0.055 
for R1 . 
llydrogen atom positions were calculated for the 22 hydrogens in 
14 3 
the structure not bonded to oxygen, using the program !IYDGE' with 
0 
C-H and 1-11 bond lengths of 0.95A and assuming normal trigonal 
and tetrahedral geometry . Isotropic thermal parameters of the hydrogens 
were considered to be 10 °0 greater tlwn the atom to which they 1,ere 
attached . A difference map based on a 26 atom mode l showed a positive 
peak at every position indicated by the hydrogen calcula ti on , as well 
as positive peaks consistent with hydrogens on the two hydroxyl 
oxygens in the molecule and four hydrogens on the two water oxygens . 
Subsequent refinement with cobalt, zinc and four chlorines anisotropic, 
the remaining non -hydrogen atoms isotropic and including the 28 
isotropic hydrogen atoms as fixed a tom contributors converged to a 
va lue of 0 . 048 for R1, and 0 . 0474 for R2 . Since th e final values of 
IF I and klF I showed no evidence of serious extinction effects, 0 C 
correction for these effects was deemed unnecessary . Correction for 
absorption h:I S .1lso not Cdrricd out . 
Tho further eye les of refinement, h'i h al I non-h ydrogen ntom 
t empera ture factors anisotropic, converged to a final R1 of 0 . 043 and 
R2 of 0 . 038 . On the fina l cycle of refinement no individual parameter 
shift was grenter than 0 .1 esd . ,\ final difference m;ip revealed hat the 
0 
highe s t pc:11's (0.6-0.9 c ti.- 3 )" re associn e<l h'ith the :nc l,. anion . 
The standard deviation of an observation of uni weight, or 
"good ne ss of fit" , R', wa 1.61 4 , ,,:here R' is defined by 
1vhere mis the number of observntions and n is th e number of purumeters 
vari d . The n<lcquncy of the 1veighting scheme was indicated by .in 
ana l ysis of w(IF
0
1 - IF I) versus F0 and sin8/.\ , 1vhich sh01ed no 
sys t ema ic trends. The ratio of the number of observations to the 
number of parameters varied is 3071:233 = 13:1. 
refinement results is giv n in Tn le 5 . 2.2. 
summary of the 
144 
A list of final observed and calculated s tru tu1e factors (both 
xlO) is shown in Tab l e S. 2.3 and he final atom coordinates and 
temperature factors nrc given in Tnble S. 2 .4 . 
The program ORRXFE was used to calculate bond lengths and 
in t erbond ang l es and their esd ' ~ which are shown in Table S. 2.S. 
llydrogen bonding interactions arc lis e<l in Table 5 . 2.6 . The 
program IEJ\ PL I as used to calculate various planes of best fit which 
are listed in Table 5 . 2 .7 . Each atom in he plane was assigned a 
weight of 1/o where o is the mean esd of the atom coordinates . 
An ORTEP drawing of the molecule, along with he atom numbering 
scheme, is shown in Figure S. 2 .1 and the same program was used to 
generate a packing diagram for the uni cell with the hydrogen 
bonding network outlined , and this is sho, n in Figure 5 . 2.2 . 
All programs used in the solution and refinement of this 
structure are components of the A UCRYS tructure Determination 
Package 304 . 
Table 5 . 2 .2 
Racemic p[Co(TII)(tren)( dihy<lroxymethylglycinato)] ZnCl 4 • 211 2 0 
Absorption corrections and refinement summary 
Linear absorption coefficient 
Least- squares refinement 
Function minimised 
Anomalous dispersion 
lni ial weight s for refinement 
Fina l weights for refinement 
lJ = 25 . 86 cm (JJoka:) 
Fu ll- matrix 
Ew\ IF0 I - \F I\ 2 
Co M ' 0 .299 
l',f" 0 .973 
Zn [',f I 0 . 222 
l',f" 1. 43 1 
Cl l',f I 0 . 132 
l',f" 0 .1 59 
0 l',f ' 0.008 
L',f" 0 . 006 
M ' 0 . 004 
[',[" 0 . 003 
C l',f ' 0 . 002 
l',f" 0 . 002 
II l',f ' 0 
L',f" 0 
(In erna ional 
w = 1. 0 
" ' = l /o 2 (F) 0 
Tables \'ol. IV, 1974) 302 
(continued) 
Table 5.2 . 2 (continued) 
Final sca tteri ng model 
Largest parame t er shift in 
final cycle 
R1 values 
- Co , ZnC l4 only; isotropic 
- a t the end of isotropic 
refinement 
- calculated II atoms added, 
Co and ZnC 14 anisotropic 
- final 
R2 value (final) 
R', estimated standard 
deviation of a sing l e observ-
ation of unit 1,eight 
Number of observations: number 
of parameters varied 
All non-H atoms anisotropic , 
H atoms fixed contributors 
0.1 esd 
0 . 302 
0 . 112 
0 . 048 
0 . 043 
0 . 038 
1. 614 
3071:233 = 13:1 
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Table 5 . 2 . 3 
Ob ervcd and calcu l ated s tructure fac t or amplitudes for p[Co(t ren ) 
( dih ydroxymethy l glycina o))Zn(J4 . ~ll20 . 
The structure fac tor amplitudes are in ab·olute e l ec tron units, 
multiplied by a factor of 10. 
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di hydroxy-
Co-N( l ) 
Co-N(2) 
Co - N(3) 
Co-N(4) 
Co - (5) 
Co-0(1) 
(1)-C(l) 
N(l)-C(3) 
N( l )-C(5) 
N(2)-C(2) 
(3)-C(4) 
(4) - C(6) 
C(l) - C(2) 
C(3)-C(4) 
C(5)-C(6) 
C(7)-0(l) 
C(7)-0(2) 
C(7)-C(8) 
C(S) - (5) 
C(8)-C(9) 
C(9) - 0(3) 
C(9)-0(4) 
Zn-Cl(l) 
Zn-Cl(2) 
Zn-C l (3) 
Zn- Cl (4) 
Table 5.2 . 5 
0 
Bond lengths (A) and interbond angles ( 0 ) in 
p [Co (t r en)( dihydroxymethylglycine)] ZnCl 4 • 211 20 
Es t imated standard deviations are given in parentheses 
1.938(6) 
1. 950 (6) 
1. 954(6) 
1.975(6) 
1 . 963(6) 
1 . 910(5) 
1. 509 (] 0) 
1 . 499(10) 
1.491(10) 
1. 474(11) 
1. 488 (10) 
1 . 488(10) 
1. 518(11) 
1. 494(13) 
1.500(11) 
1.279(9) 
1. 222(9) 
1. 528(10) 
1. 497 (9) 
1.499(11) 
1. 399(9) 
1. 389(9) 
2 . 269(3) 
2 . 283(2) 
2 . 246(2) 
2 . 255(2) 
0(1)-Co- (1) 
0(1)-Co- (2) 
0(1)-Co- 1(3) 
0(1)-Co- (4) 
0(1)-Co- (5) 
(1)-Co- (2) 
(1)-Co- (3) 
(1)-Co- (4) 
( l) - Co- ( 5) 
(2)-Co- (3) 
(2)-Co- (4) 
(2)-Co- (5) 
(3)-Co- (4) 
(3)-Co- (5) 
(4)-Co- (5) 
Co- (4)-C(6) 
Co - (3)-C(4) 
Co - (2)-C (2) 
Co - ( 1)-C(l) 
Co- (l) - C(3) 
Co - ( l )-C(5) 
(2)-C(2)-C(l) 
(3)-C(4) - C(3) 
(4) - C(6)-C(5) 
(l)-C(l)-C(2) 
N(l)-C(3)-C(4) 
(1 )-C(5)-C(6) 
Co- (5)-C(8) 
Co-O(l)-C(7) 
O(l)-C(7)-C(8) 
O(l)-C(7)-0(2) 
C (8)-C (7)-0(2) 
C(l)- 1(1)-C(3) 
C(l)- (l)-C(5) 
C(3)- (l)-C(5) 
(5) - C (8)-C (7) 
(5)-C(8)-C(9) 
C(7)-C(8)-C(9) 
C(8)-C(9)-0(3) 
C(8)-C(9)-0(4) 
0(3) - C(9)-0(4) 
91.8(2) 
178.6(2) 
87 . 2(2) 
87 . 1(2) 
85 . 4(2) 
86.8(2) 
86 . 8(3) 
86.4(3) 
177 . 3(2) 
93 . 1(2) 
92.5(3) 
96 . 0(2) 
171.0(2) 
92 . 7(3) 
93 . 8(3) 
109 . 9(5) 
110 . 2(5) 
110 . 1(4) 
111.2(4) 
106.2(5) 
105 . 6(4) 
109 . 0(6) 
108 . 0(6) 
108 . 7(6) 
110.2(6) 
108 . 1(6) 
108.1(6) 
110 . 4(4) 
116 . 9(4) 
116.2(6) 
123 . 6(7) 
120 . 1(7) 
108 . 4(6) 
111.7(6) 
113 . 6(6) 
110 . 2(6) 
111 . 8(6) 
111.2(6) 
107 . 4(6) 
107.5(6) 
111.1 (6) 
Table 5 . 2 . 6 
Hydrogen Bondjng Interactions for 
p [Co (tren) ( 
N-11 · · · · Xf 
I II N(2) -ll(l) ·· ·· Cl(2) 
I III N(2) -11(2) · · · · 0(2) 
(3) 1-11(3) · ··· Cl (3) I 
I III N(4) -1 1(5) ·· · · 0(2) 
I II I (5) -11(7) · · ·· Cl (3) 
I II (5) -11(8) ·· ·· Cl (2) 
I IV 0(3) - H(l03) · · · · 0(6) 
I V 0(4) -11 (104) · · · · 0(5) 
I VI 0(5) -11(205) · · · ·0(6) 
t dihydroxyme th y l g l ycine)] ZnCl 4 • 211 2 0 
0 0 
-11(/\) 11 · · · · X (A) -11 · ·, · X( 0 ) 
0 . 94 2 . 53 14 2 
0 . 96 1. 89 158 
0 . 96 2 . 62 146 
0 . 94 2 . 06 160 
0 . 95 2 . 53 150 
0 . 95 2.67 14 7 
1. 03 l. 74 166 
0 . 93 1. 99 153 
0 . 92 2 . 26 133 
0 
t The Va n der \\laal ' s Radii used were: 11, 1. 0 ; 0 , 1. 4; Cl, 1. 7 A. 
f The superscripts refer to a t oms related to those in Table 5 . 2 . 5 
by the operations: 
I X y Z 
II x- ~ ~- y z- ~ 
I II x - y z - ~ 
TV ~- x ~- y z- ~ 
V 1-x - y ~+z 
VI i +X y- ~ Z 
Tabl e 5.2 . 7 
(a) Least-squares 
ZnCl4.2H2O 
planes for e(Co(tren) ( dihydroxymethtlglycine)] 
Pl ane Atoms defining Equation t the p l ane 
1. Co, (1)' (2) 0 . 6373x - 0.6099y 0 . 47112 + 4. 7186 = 0 
2 . Co , N(l) ' ( 4) -0 . 14 20x + 0 . 4545y 0 . 87942 + 4.9029 0 
3. Co, ( 1), (3) -0 . 2079x + 0 . 5174y 0 . 83012 4 . 4114 = 0 
4 . Co, 0(1)' N(5) 0 . 6314x 0.6llly 0 . 47742 + 4 . 7565 = 0 
t The equation of the planes LX +MY + Z + D 0 refer to orthogonal 
coordinates , where: 
X = 9 . 2170x + Oy 
y = 
z = 
Ox+ 16 . 9260y + 
1. 83492 
Oz 
Ox+ Oy + 13 . 18802 
0 
(b) Di s tances (A) of atoms from least-squares planes 
Plane 1. 
Pl ane 3. 
C( 1) 
C(2) 
C (3) 
C(4) 
0 . 000(8) 
0 . 493(8) 
-0 . 595(8) 
-0 . 028(8) 
(c) Angles ( 0 ) between planes 
1. + 2 . 
1 . + 3. 
1. + 4 . 
87 . 3 
93 . 3 
0 . 5 
2 . + 3. 
2 . + 4. 
3. + 4 . 
Plane 2 . 
Plane 4 . 
5 . 9 
87 . 0 
92 . 9 
C(5) 
C(6) 
C(7) 
C(8) 
-0 . 690(8) 
-0 . 099(8) 
-0 . 165(7) 
-0 . 079(7) 
Figur 5.2 . 1 
HO J 
General vie1 of the p (Co(tren) ( dihydroxymethylglycine)] 2 + 
cation, indicating the stcreochemistry and atom numbering 
scheme used . 
Figure 5 . 2 . 2 Stereodiagram of tl1e unit cell for p [Co(tren) 
( dihydroxymethylglycine)]ZnC1 4 . 2~1 20, showing 
the crystal packing and hydrogen bonding network. 
145 
p(N, O) [Co(TREN) ((R ,S ,S)PE ICILLOI C ACIDATO)]Cl0 4. 2 . 511 20 
5 . 2 . 4 . 1 Data Collection : Orange blocks of p(N, O) [Co(tren )((R, S, S)-
penicilloic acidato)]ClQ4 , 2.51120 were gro1-m f r om an aqueous aC 104 
solution as described ear l ier (Sec t ion 5 . 2. 2) . Several crystals of 
su itabl e size for sing l e crystal X-ray diffrac ti on s t udies were 
mounted with the longest crystal edge parallel t o the quar t z fibres ; 
"Araldite" was used as an adhesive . The diffraction symmetry shown on 
th e \ eissenberg pho t og r aphs (CuKa radiation) of the hk(0 - 2) layers and 
on the Precession photographs ( loK radiation) of the h(0 -1 ) l and 
a 
(0-l)kl l ayers was mmm, indica ting an orthorhombic crystal system . 
The systematic absences were of th e t ype h00 , h = 2n+l, 0k0 , k = 2n+l 
and OOl , l = 2n+l which are consis t en t wi t h the requirements of the 
non-centro symme tr ic space gr oup P212 121 ( o . 19; 0~) 306 • pproxima t e 
cel l dimensions, calculated from photographs, are a= 13 . 82 , b = 18 . 48 , 
c = 9 . 91 A, a= B = Y = 90° and V = 2531 A3 . The density p , 
m 
determined by flotation in a mix ture of bromobenzene and dibromoethane, 
was 1.59 g cm- 3 • The molecular weigh t of the complex I (assuming 2 .5 
mo lecul es of water of hydration,t and nine deu t er ium a t oms i n pl ace 
of amine hydrogen/) is 590 . 92 g/mo l e . Using thi s value and the approxima t e 
cell dimen sions ob tained from the pho t ographs th e ca lcul at ed density, 
Pc, is 1. 55 g/cm for 2 = 4 . 
A crysta l of di mensions 0 . 30 x 0 . 10 x 0 . 075 mm along the cry t a l faces 
{ l 1 O} , { l - 1 O} and {O O l } respect ive l y was selected for dat a 
c1quisition nnd trc1nsfcrred onto a Picker F/\CS-1 four circ l e compute r-
contro ll ed diffrn c tometer. Tc 1,•ns nli gned wi th nppro,imntely 
para ll e l to the¢ axi and was centred op ti ca ll y . Graphi t e mono-
t This j 5 indiCJtcd by refinement or the temperature factors of th e 
1~nter O;\yge n · , sugges ting an ccupancy of 0 . 5 for one of these (0( 11 )) . 
f Th e cr ys t a l s used were gr own in D20 and since t his species is de-
protonnted nt pll >7 , al l amine protons are exchanged for deuterium . 
chromated toKa radiation (A= 0 . 7107 l) was used for the data 
co ll ection . Using the approximate cell dimensions from the films 
a nd the location of two axial reflections (i . e . 6 0 0 and 0 10 0) , 
an approximate orienting matrix wa s calculated . The values of 28, 
w, X and¢ for 12 reflection s were accurately determined using an 
0 
automa tic centering routine ( loK radiation, A = 0 . 7107 A; tube 
a 
take-off ang l e 1. 5°) . The setting angles of the two oriented 
146 
reflections were refined , along with the cell dimensions, using the 
angles of the other reflections as observed data 305 . Af er 2 cyc les 
the refinement converged giving refined cell dimensions of a= 
0 
13 . 784(3), b = 18 . 445(3), c = 9 . 912(2), V = 2520 . lA . The esd's were 
obtained in the usual way from the inversion of the least-squares 
matrix and make no allowance for other than random errors . The 
8-28 continuous scan technique was used, at a scan speed of 2° min- 1 
wi th a scan width of (1 . 6+~) 0 where~ is modified by the control 
program by an amount equal to the angular separation of the a 1 and 
a2 components for the reflection concerned . 
Reflections of the form ±h kl were meas ured in the range 
3°,28,60° , and stationary background counts of 10 sec duration were 
made at each end of the scan range. If the count rate exceeded 5000 
count s sec- 1 , a nickel foil attenuator was inserted automatically into 
the diffracted beam . Five attenuators were available, giving a 
maximum attenuation factor of about 13 . 3 . The di scrimina tion level s 
were set to admit 95% of the loKa peak . To monitor crystal decompos-
ition , the intensities of three strong reflections 6 0 0, 0 10 0 and 
O O 2 were measured regularly every 97 reflections, and no significant 
crysta l degradation, as observ d. Of the 4871 reflections measured, 
2295 , ere >3o(I) , and of these only the unique 1986 were used in 
subsequ n calculations . 
14 7 
Data reduction was carried out using the program SETUP3, and any 
reflection with I~3o(I) was considered unobserved. Lorentz-polarisation 
corrections were carried out (Bragg angle 28 12 . 10) and the structure 
m 
factor ampli t udes jF0 j and their standard deviations a(F0 ) calculated 
as out l ined previously (Section 5 . 2.3). The crystal data together 
with relevant information on the collection and reduction of reflection 
data are summarised in Table 5 . 2 . 8 . 
5 . 2 . 4 . 2 Structure Solution and Refinement: A three dimensional 
Patterson synthesis was computed in the space group Pmmm over a 
block ~ x ~ x ~ of the unit cell, commencing at the origin. 
The 4 general positions of space group P2 12 12 1 are 306 
X 
~ -X 
y 
- y 
z 
~ +Z 
and vectors between symmetry-related 
following general Harker conditions: 
~ ~-2y 
~-2x - 2y 
- 2x ~ 
~ +x ~ - y -z 
- x ~- z 
atoms should give rise to the 
-2z Harker plane 
~ Harker plane 
~- 2z I larker plane 
The 3 largest peaks in the Patterson map, apa rt from the origin, 
were: 
0 . 36 
0 . 14 
0. 4 7 
0.03 
0.33 Harker vectors 
0 . 18 
which are consistent with a heavy atom at (0 . 07, 0 . 015, 0.165), i . e . 
the cobalt atom. Subsequent difference Fourier maps revealed the 
positions of all th other non-hydrogen atoms in the molecule as well 
Table 5.2 . 8 
p(IV, O) [Co(tren) ((R, S, S)penicilloic acidato)]Cl0 4 . 2 . 511 20 
Crystal data and experimental summary 
Chemical formula 
Formula weight 
Crystal system 
Space group 
Unit cell determinations 
Radiation us ed in unit cell 
determinations 
Unit cell dimensions (a t 20°C) 
Unit cell volume 
F (O O O) 
D 
measd 
Formula unit s per ce ll 
D 
calcd 
590 . 92 
orthorhombic 
l eas t- squares analysis of 20, w, 
X, ¢ values (d iffractometer) for 
twelve high angle reflections 
0 
MoK (O . 7107 A) 
a 
0 
a= 13.784(3) A 
0 
b = 18 . 445(3) A 
0 
c = 9 . 912(2) A 
2520 . 09 A3 
1274 
1.59 g cm- 3 
Z = 4 
1.55 g cm- 3 
(continued) 
Linear absorption coefficient 
Instrument used for data 
collection 
Radiation used to record 
intensities 
Crystal size 
Principal faces on crystals 
Axis parallel ¢, 
Reflection forms recorded 
Angular range 
Type of scan 
Scan range 
Scan rate 
Background count time 
Standard reflections 
Interval for measurement of 
standards 
Number of reflections measured 
Effect of background imbalance 
Table 5 . 2 . 8 (continued) 
JJ = 7.75 cm- 1 
automated Picker FACS-I four 
circle diffractometer 
0 
MoK, monochromated (A= 0.7107 A) 
a 
0 . 30 X 0 . 10 X 0,075 mm 
{l 1 0}, { l -1 0}, {0 0 l} 
C 
±h,k,Z (resorted to h,k,±Z) 
8-28 scan 
(1.60+1'1) 
10 sec 
(6 0 0), (0 10 0), (0 0 2) 
every 97 reflections 
4871 
(continued) 
Tabl e 5 . 2 . 8 (continued) 
Instrumental "uncertainty fa ctor" p = 0 . 02 
Criterion for observability I/6I>3 
umber of unique reflections 1986 
above threshold 
Criterion of data quality 0 . 059 
148 
as t he oxygens of three water molecules . 
Refinement was carried out using the program SFLS using the same 
procedure outlined in Section S. 2. 3 . 2 . Scattering factors and anomalous 
dispersion for Co, Cl , S, 0, N, C and H were used 302 , llefinement was 
carried out on the positional parameters of cobalt and all the non-
hydrogen atoms (34) . Isotropic temperature factors of 3.0 were 
assigned to cobalt and chlorine and 4 . 0 to the remaining atoms and 
an arbitrary scale factor of 1 . 0 was used . Two cycles of refinement 
wi th a l l observations having a weight of unity converged to a value 
of 0 . 084 for R1 and a value of 0 . 092 for R2 . The isotropic temper-
ature factors for the cobalt , chlorine, sulphur and all eleven oxygens 
were now se t anisotropic and two cycles of refinement yielded a value 
for R1 of 0 . 075 and for R2 of 0 . 084 . Hydrogen positions were 
calculated, and a difference map based on a 34 atom model revealed a 
positive peak at most calculated positions . The position of the six 
methyl hydrogens on C(l2) and C(l3) (vide infra) were not calculated 
but were observed in the difference map and assigned to correspond-
ing positions . Subsequent refinement incorporating the hydrogen 
atoms as fixed atom contributors with isotropic temperature factors 
10% greater than the atoms to which they were attached , converged 
to a value of 0.073 for R1 and of 0.082 for R2 . 
At this stage absorption corrections were applied to the 
reflection data , using the program TOMPAB 307 . This enahled an exact 
va l ue for the absorption correction to be calcu l ated (for given 
crys t a l dim nsions and absorption coefficien t µ) . The value of the 
l inear absorption coefficient , µ, is 7 . 75 cm- 1 (MoKa) . The trans-
mission factors ranged from 0 . 960 to 0 . 976 . The indices of the faces 
of the crystal, and their perpendicular distances from an arbitrarily 
chosen origin in the crystal are: 
1 1 0 0.0375 mm 
- 1 -1 0 0.0375 
1 -1 0 0 . 050 
- 1 1 0 0 . 050 
0 0 l 0. 150 
0 0 -1 0 .150 
o correction was made for extinction effec ts . 
The 1veighti ng scheme 1va s changed from unity to w c= 1;0 2 lr I) 
0 
and the value of R1 dropped to 0 . 071 (R 2 0 . 076) . All non - hydrogen 
at oms were now set anisotropic and final refinement attempted, 
however due to the low ratio of the number of observations to the 
149 
number of parameters varied (1986:306 = 6 . 5:1) , a tendency to a 
non-positive definite temperature factor was observed for one a tom, 
so r efinement was continued with only cobalt , su lphur, chlorine and the 
perch l orate and water oxygen atoms anisotropic,as before . Two 
cycles of refinement converged to a fina l R1 of 0 . 071 and R2 of 
0 . 076 . On the final cycle of refinement no individual parameter 
shift 1vas greater than O . 1 esd . The. final difference map reveal ('d the 
highest peaks (0 . 8-0 . 95 e l- 3 ) were associated with the cobalt atom . 
In order to de t ermine the absolute configuration of the molecule, 
th e sign of a ll atomic coordinates "'as changed and the model re-refined 
to yield values of 0 . 076 and 0 . 080 for R1 and R2 respectively . Thus 
the model corresponding to th e 101 er R va l ues had th e correc t abso lut e 
configura ti on . 
The s nndard deviation of an observation of unit I eight, R', 1vas 
1.609 (see Sec t ion 5 . 2 . 3 . 2 for definition of R' ) . An analysis of the 
1veightin g scheme , i . e . w(IF
0
1-IF I) versu F0 and sin6/.\ , ~ho1ved no 
sys t ema ti c trend . A summary of the absorption correction and refine-
150 
ment results is given in Table 5.2.9. 
A list of final observed and calculated structure factors (both 
XlO} is shown in Table 5 . 2.10 and the final atom coordinates and 
temperature fac tors are given in Tab l e 5 . 2 . 11 . 
The bond lengths and interbond angles, and their esd ' s, are listed 
i n Tab l e 5 . 2 . 12. llydrogen bonding interactions are listed 
in Table 5.2 .1 3 and least-squares planes are shown in Table 5 . 2.14. 
The cation and atom numbering scheme used arc shown in Figure 
5 . 2 . 3 , and a packing diagram for the unit cell , with the hydrogen 
bonding ne t work out l i ned , is shown in Figure 5 . 2 . 4. 
The ANUCRYS Structure Determination Package 304 was used in the 
so luti on and refinement of t his struc tu re . 
5 . 3 RESULTS 
5.3 . 1 REACTIO S OF RACEMIC p(Co(TREN)(DIHYDROXY IETIIYLGLYCINATO)ZnCh . 2H 20 : 
This comp l ex un ergoes several reactions characteristic of the carbonyl 
group and these are outl ined be l ow: 
1. Reduction to a primary a lcohol: Treating t he racemic complex with 
8114 at pll 7 result ed in an a l most quantitative yie l d of the racemic 
p[Co( tren) (scr)] 2+ complex. 
2 . Formation of hemiacetals with alcoho l s: Treatment of the racemic 
comp l ex wi th ethanol and methanol resu lt s in the formation of the 
hydroxyethoxy and hydroxymethoxy hemiacetal complexes respectively . 
3 . Condensation with B amino th io l s to fo r m thiazolidines: 
Condensation of the racemic complex 1vith chiral penicillamine in 1120 
or D ISO yields a mixture of the p(N 0) (Co(tren)(penici lloic acidato)] 2+ 
complexes. Th use of aqueous LiNO3/LiClO4 permits the frac t ionation 
Table 5 . 2 . 9 
p(N, O) [Co(tren) ((R, S, S)pcnicilloic acidato)]Cl0~.2.511 20 
Absorption corrections and refinement summary 
Linear absorption coefficient 
Range of transmission fac t ors 
Least-squares refinement 
Funct ion minimised 
Source of atomic scatt ering 
Anomalous dispersion 
µ = 7 . 75 cm- 1 (MoK) 
a 
min 0 . 960 
max 0 . 976 
ful 1-ma trix 
Co , Zn , Cl, 0, N, C 
Co M ' 0 . 299 
t.f" 0 . 973 
s M ' 0 .11 0 
ti.f" 0 .1 24 
Cl M ' 0 . 132 
6f" 0 . 159 
0 6f ' 0.008 
ti.f" 0 . 006 
ti.f ' 0.004 
6f" 0 . 003 
C ti.f ' 0 . 002 
ti.f" 0 . 002 
H 6f ' 0 
6f" 0 
(International Tables, Vo l. 4 , 
1974)3° 2 (continued) 
Table 5.2 . 9 (continued) 
Initial weights for refinemen t 
Final we i ghts for refinement 
Final scattering mode l 
Largest parameter shift in 
final cyc l e 
R1 values 
- al l non-hydrogen at oms 
isotropic 
Co, S , Cl04 anisotrop i c 
- hydrogen a t oms i ncluded 
- final (af t er absorp t ion 
corrections) 
R2 value (final) 
R', es t ima t ed s t andard deviation 
of a sing l e observation of unit 
weight 
umber of observations number 
of parameters varied 
w = 1. 0 
w = l/ a 2 (F) 
0 
Cobalt , chlorine, sulphur and 
perchlorate and water oxygens 
anisotropic - remaining non-
hydrogen atoms isotropic . 
II ~t oms fixed contributors . 
0.1 esd 
0 . 084 
0 . 075 
0 . 073 
0 . 071 
0 . 076 
1. 609 
19 86 J 8 7 (11 : 1) 
l •OIS r (Al 
f·"f iff .. iH 
i :i hi m 
6 , 01 '19 
: t m 11; 
: i m m 
. ·: m 1 .. , 
' ~ og n. !' -! 11lf 111 . , •. i1 
1 
·: m m i } a: Bi 
• •M • -9 ••• • 
,, 4 136 160 
n I m m 
9 t 176 17~ : .: m It 
9 2 llS HS 
: A m m 
1 • 1•0 l1' 1 1 118 181 
i ·1 mm 
' l •• • ','1' 1 • ( 170 l 
; . 1 m m 
; 6 w 10! 
! X H9 li. 
I ·i m lH •I lO> 166 ~ S Ut 1l1 i _, )1Q )87 
i .: m '!' 
I l 116 ~il - , ,.. l • i 01 ·~ t 1X m \ I 1 191 1H 
i ·: m "l 
I, :l m l:j I ll l 1" :1 m iu 
I A m 'tl 
1 'i l'! IH 
1 ' • 1. 1·~1 l ·: !fA , I 
: ·i al m 
l -l H m 
1 .1 mm 
1 i m m 
l(:f !ff .. iH 
:i :1 m ii· 
:8 : m i~l 
:; ·i !l' l" 
1 , •oj !ii 
, 1 " ,,6 
, - 1 ,a •o 
'f ,8 :n m 
8 • l60 116 ! J 181 ,,. 
I ·1' li! lf? . l•l h1 I . ,H ,o1 
I . m 11: 
1 i m m 
• • 1" ''! 6 ·• 400 ,1 ! ·? m I 
t ·t m m 
L rOIS •<•l 
Table 5.2 .1 0 
l 1011 ftH 
l,j H 11! B: 
-,o rl 164 i :1 ,i! m 
l
! :? 11:l ill 
·t H l11 
i :i mm 
i -! m m 
u :; m m 
n :f m m 
18 ·• .. 8 91 ! 
'8 -1 m m li ;1 m iH 
1g 1 'f lH 
't :i 11! HI 
i -11 Su 16• 
1 :!! m m I ·g l!I m 
I ·1 \At m 
I :f lU m 
I ·I (!: n1 I ·! !l: !t 
I ·j l!I l'f 
I·! m lh 
a ·1 1Hl tl21 I A 1ia 1~:Y 
, u u• n• 
, -11 110 jlol t .l) m I 
: .:1 m !'11'.1' t l' lf~ • .i l • 
i -i m i1't 6 ·1 ou • t 
• ' '!' '6' : ·: 1,1 It: 
: ·1 ,m ,~,A 
I·: !p !19 i :I ,lit ,Hl 
: i ,b6f :~; 
' ,, '!' l( 4 H 4 1 '66 
: -B H~ Ua 
! ·H !H Ui 
• ·10 516 'i' l 'i B' l i 
: ·t l~'~ l ' 
' ·1 1 ' t 9 
-~ 'I : llI! 
, ,!a 13• 
•) 991 990 
I •1 01 '"I . • ta Pl 
.; 15 ;: ,if 
·Im 01 
. : u :a!v 
i ''11 t ' 
" , I !jl 
. ~ i ~ t ' • 
·11 m :1: 
•11 H S t 6 n .. 1 , u 
·1& I' 1 :: 
·: ii~ 'ft 
., I , !,. 
Observed and calculated s tructure factor ampli tudes for p(N, O) 
[Co(tren)((R, S, S)penicilloic acidato)]ClO~ . 2 . 5H2O 
The structure factor amplitudes are in absolute electron units, 
multiplied by a factor of 10. 
L , oes •<•L 
! !~ m m 
1 :, !ii i'U ~ .: 1H 6U 
\ :! :H! 1H! 
i -1·m 1m i :1:m :m 1 0 161) 11,i 
I .ii Hl lil 
1·1i w m 
i ·n lll m 
l ·10 151 74 1 10 t•• 104 ·• 1'! Ill 
l ·;' i~I "'8 5 ·1 ~ft H2 
l ·• 1'6 , • • 6 105) 1055 ·i Hf 118 
! ·: ,:ii ,m ·i 161 lH ·l •11 66 5 
l I 'lU 'lfi ,~ 'a~ 1111 
!:l ' Ill !!9 ) ,I JH JO• 
l ·tl ,u , .. 
i -11 m m 
i 'i 1~~; '?H 
I ·1 .~8l ,m 
1 ·;mm 
1 ·: ,m ,m 
l •S 1H 7U 
1-1 mm 
l •l 10 4. \' 10 ]1 
1 .1 mm 
' I, .. , '! .. l . "!l ' p l "15 1 i, t ,l !,, 11' 
1 ::· 1·: m 
' ' I Jfo "! t 11 64 16 
, .,, 'I' ;oa l ·ls M i?t 
1 •• l l )0 4 
l .: Ill !fl 
1 • 1106 1106 1 .1 o,a ,,, 
I .I l&H 'ill 
: .t ,'II ,rn 
1 S 1'47 h H 
; . ! i~: J:~ 
: ·1 m rn 
; ·l ,o:, 131J 
, . I 'lll , 11, 1 1 114 1 $ 4, 
1 0 1111 1}61 11 ··~.· !il° .. ii; 
!I ·i IJA !11 
,a , lo! J,i 
a ·: 11, !'9 
!: .: H? d: a ., w rn 
1: ' l!l ll' 
" :; .,, !'i 16 I 10 I 16 . 4, 17 P 
'
", • o,  •' 
:: :l l!i ll3 
,. 1 1S, 8' 1: ·: HI !,! 
:: ,? P' m ;: ·;g ,:l Hl 
l 1 01S f ( lL 
H :! 1H 
n :! jll 
1l • 9 r 1: .l j, 
u 4- 460 
ll ·1 H! 
:: •j l:! H . ~ !jl 
, , ~ l, ~ 
i :11 m 
: :g 101 
: .,· 18! 
, . ,ls 
l ·•,' )it 
1 • s,.. 
, s sp 
I · t 16! 
t · l 5U 
1 l 700 
1 ·i m 
1 ·1 m 
!L:~ Hl 
l, 8 .H m 8 10 60] 
1:8 ·; '\8 8 ·: !i: 1,2 .7 166 ~ -! m 
:1( 6 01 
.~ H: 
4 16} 
18 ·i m 
18 · j '\il 
',,, ·1 H~ 2 "A' 
.;) h~ 
• 'l , .. I . : 1il 
I 11 JO7 
I • 10 ~'1 
I !8 t!~ • 1 14 l 
I 7 f'26 ·• u• 6 461 
I
I ·5 1U 4 
5 "'f ·t u
·} 75 
I• -j 'Ul , ., m 
i ,i 1m 
6 • 14 115 
i :!l m 
: ·n Ht 
I · 1g !II 
• . • lt• 
t • u , 
2 ·t ' 81 
• ., !., 
6 7 1 }6 
6 •6 u, 
: .t m 
6 5 ,u 
i :i J!i 
. I ". 6 • 76f 
: . ,II! 
• 1 "l I ~? U 
. ··1 '" l .I HI 
I 1 461 
.. " ·ii : . ll I, 
' ,~ l) 
: ·: !'' 
• ·• 1! 
!U 
!~j 
. ~ l 
!H 
m 
m 
11) 
m 
114 
ll7 
l., 06 
Ill 
li8 
~!t )ia 
!11 
't' M 
169 ,., 
m 
l" •• m 
61 l ,., 
::1 
"' l:1 f,. ,., 
,,, 
)1\ .. , 
OlO 
P' 
,ll 
!" 
,,.~! 1,l 
l •• 
" 'lH 
I .. ,,, 
m 
,o, 
IU 
m 
"' ... , .. ,., 
1111 
, :is ,,. 
'" 1}!4 
.;I 
14}1 
' ~' 11\ ,,, 
m 
'" 
.,, 
lll 
l" 
.,·: I 6 
'l ,,, 
~ ~ ~ 
l<l 
i'P 1 7; 
;:I 1m 
100 J 
"' 
'H 
'" m 
.,. 
'I' 
'll 1., 
m 
l , 011 tt tL 
iH 
m .. , 
B! 
'U 
:?! 
•01 
,H 
Ill 
1JH 
ul 
" 10, 1p 
•M 
"! lh Hi 
,.1 
,o, 
m 
',. 
1H 
')1 
·m 
. .. 
'" 
·m 
6'0 
•m 
'US 
!II 
m 
,ol i:. 
·i~l 
,t, 
,, l 
I' 0 •• ... 
'" :m 
l,, 
"'l It, 
161 ,, .. 
·m 
"' :H 
m 
u: 
"' Ill m 
,nu 
n: 
... 
IOI 
.,, 
t11 
11H 
, I" 
" 
, ,, 
HU 
llli 
l8 
160 ii: ,., 
,., 
It} 11 
• p 
' i' !,I 
,m 
Table 5.2 .1 0 (continued) 
l ,011 f (aL 
1 .: !U m 1 6 'fl 411 
, ·. ! '1'1 1 .... t • , "l 1 ,. ,. , n 
l :j !11', l1'H 
1 6 4 0 4. 
t ·1 ,lll ,jlt 
1 o ,.,8 1 11 
0 .. "i' !t;(ii!· 8 
• la n? S ,3 !" ... s u ra m 
l O !8~ ~i· 
.t •01 "! 
.J i: Y a!1 
·! Hi~ !1'!8 
., ul1 , !R 
l .,, '!' 
·• ,:&/ ,; t 
·• 1'00 11,, 
:! 1m :m 
. ... .,. 
;t 1!l JH 
-:~ m it 
·11 lU fa1 
·1 \u H• 
:ii m m 
1 ttu 1116 
:11m mi , .
1 
.. ,,o, 
·11n 1m 
_,. 1 •• 1O4t 
·l Hi! liif 
- • 
1 t] l 1 t ~8 
·: Iii m 
-• U 4 uo 
.ii rn m 
l1 .. , Oil 
·,• W 'Vif 
.,i 100 1t 
.! j lot~ ::j 
, t, • 
0 t,t6 10, 
1 
••• 'ill 
:I :1!! n:! 
·i :g~ :11 
. 4 ;::. :: J 
S 11 161 
·! HI HI 
·• "' ,,I 
1 1l01 , 10• 
• , 
1121 1 !\ 
·I Hi 161 
6 • 606 ,o, 2 ·% W tB 
.. ;~ u, i,. 
6 11 1,• '11 
: · l' '!6 !Y 
•. ,! 1,. •• 
t 1) HO ,,, 
: ·:i Ht 1U 
, o ,d •o, 
I 1 174 I" t -, t¥ a 
• .! II 11 t I 41 ' u1 
I . " 'f~ 
I .t !:I l•Y 
t I '11 , 1 j•I l ., 'j'o 1 •1 
•. : :: 111 
8 1 116 1'0 1:: m m 
• . 'ft 'l' I .;! I j,1 
10 0 1 61 
i~ -J m ,m 
p(N, O) [Co(tren)((R, S, S)penicilloic acidato)]ClO4 . 2. SH2O 
l •o,s , t • l 
l~ : l
l& ·i 
1C - ( 
,e, ., 
10 8 
:~ :t 
:g . :s 
rn .H 
l~ . l! B V 
:i ·i B -1 
H ·s 
1 ·I 
, ' 
, ·• 
, ' .,
' , 
: ·t 
, ·• 
1 10 
1l -1 0 
a .n 
11 'l 1l • , l 
,. , 
u ., 
" I u -l 
H -1 
" -' ~ ! -~ 
" '  •f. 
,. ' 
" - jll 
" ,o 1' -,o 
u ,, 
" . ' 1 
" 
,. , 
H J 
It ·l 
" . It I 
1t - s 
It ·t 
" ' 
,, , 
,e -a 
1( .o 
,, 0 
,. , 
,p I 
a .1 
:~ . s 
,. . :~ . , 
, . . , 
... 
V 
. , 
I 
·I 
.l 
. 
. , 
• 
·I 
. 
.. 
10 
. :v 
. ,, 
11 
·:1 
., 
.. 
. ,. 
. :! 
0 , 
., 
I 
·1 
·1 
., 
I 
:;1 
1:1 
'l' ;,1 
,, ' .
,, ' ,o, 
.,, 
l H 
<Cl ,., 
'" !; ~ ~ ,. ,, ,, 
m 
11! ,., 
, .. 
ai 
118 
l,l 
'" IO I HI ,, 
••1 .. , 
, .. 
!H 
'" ,,. 
••• ... 
. ., 
~8 ~
... ,,, 
:,1 
.. 
... 
•11 
" ' H! 
, " .,,
'C' 
"' 
.,, 
, ..
!:! 
'l9 
,.. 
0' !8! 
l f OU 
·I 
' :s 
! 
.. 
.lij 
,, 
:j1' 
., 
,. 
. ,. 
" 
.,, 
0 , 
., 
.$ 
·l 
·• 
-l 
• 
·• 
' . , 
.I 
. 
·• 10 ,, 
. ,, 
• 11 
1l ! ::; 
> C 
' , 1 ., 
' I : ·i 
1 
' 
' 
' 
' 
' 
' 
' 
' : 
' 
' 
' 
' 1 
1 
1 
1 
1 
1 
' 
' • 
' . 
' . 
. 
. 
' . 
. 
. 
. 
• .
. 
• 
• .
. 
. 
• . 
. 
' . ,, 
,, 
,, 
,, 
,, 
., 
. , 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
,, 
l! 
H 
. 
.. 
I 
·I 
' ·• 
' 
., 
.) 
. 
.. 
. l& ,, 
. ., 
.:! ,. 
.,, 
,. 
.,. 
0 , 
. , 
I 
·I 
l 
· 1 
I 
•I 
' ., 
' :i 
.. 
,c 
: :~ 
11 
• 11 
. n 
., . 
, 
., 
I 
·l 
·i 
.. 
.! 
' ., 
:j 
.. 
10 
• 10 ,, 
. ,, 
·li 
··1 
., 
I 
m 
,tn 
.,, 
,., 
.. , 
. ., 
141 
',. !H 
' ~ 1 .. , 
',. 11, ,. . 
. ., 
,c, 
1164 
... 
110 1 ,., 
~ tit 
,, I, 
,. lo 
'hi 
PH 
164.0 
"' ,, . . ., 
'" ~ i ~ 
•oc 
m 
'I' It . 
l:J 
11C' 
'l'i 
,i, 
... 
1'°(t 
Hi 
"' , .. .. , 
,ai 
It I 
.. ' !i~ 
,,. 
. " ig 
'" 
, .. 
,co ,., 
,., 
.,, 
~ 11 
'" ue0 
'" 
... 
, .. 
'9H 
,. , 
"' ',, ,
'H: 
"' 
't!i 
"I .. , 
... 
1!0 
.. , 
... ,,. 
"' q 
. ,, 
:~l 
. i! 
"~ ., . 
.,. 
'" 
, ,, 
. ,. 
. " !i~ .,. 
" 
.,. 
"' 
.,, 
iH 
1tl 
111 ,,. 
SB 
't!! 
l , o, • , r • l 
I 
, .j 
' ., 
' I , ·I 
, ' .,
, ' 
' ., 
H J 
1l - 10 
1l 11 1 _,, 
:1 ., 
:i , 
ll :; 
:i -! 
:i .: 
:i l 
:i ·1 
l ~ -1 ,, . 
IS .o 
IS -10 
,, 0 ,, , 
,, - 1 
" I H :t 
,, . 
11 _ , 
1' I 
,, . 
11 -o 
,, ' H I 
,. ' ,o -s 
0 •• M 0 
~ ! 
0 • 
0 10 
8 l! 
C , 
. , 
·( 
.j 
' .. 
I 
·I 
• ., 
' 
., 
' 
., 
. 
.. 
.,, 
,, 
.,, 
.ll 
" ::I
.,, 
0 , 
. . 
I 
·! 
·i 
., 
I 
·I 
• ., 
' :i 
' ., 
. :g 
,, 
. ,, 
,; 
.,, 
., 
·ll 
. ,. 
0 
' .. I 
·I 
·! 
., 
I 
I · l 
t ., 
' ' .,
t ' 
' ·• 
' . 
' .. t 10 
( -10 
t ,, 
( -" I l! 
':11 t _, ~ 
I ., 
I I 
i :I I • I ·; 
~ -~ 
' ·• . ' l .,
, ' . 
, .. 
t ' " t -10 , ,, 
, _,, 
, •I 
, -11 
J :H 
:~ ~ 
;~ J 
:g -? 
1 (' i 1 (' _ , 
,c - s i~ .; 
1(' ·1 
t -t 
•• •o lF 
10 
l ) 
., 
,, 
., 
11 
" '1 H 
ll 
ll 
11 
l/ 
., 
11 
H 
.. 
.. 
.. ,. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
f ( l l 
ill , .. 
:8: 
:,: 
';! l,, 
m 
... 
'" '\I 
"' '10 1' ['1 1 
, .. 
Sil u o, 
061 
,H~ 
':H 
, ,o 
110 
tt I 
IH 
'" ;t ~ 
I" 
JI' 189 
I " 
O• 
~H 
'Hi 
u', ,., 
I 8 
'" '" ,,,
101 
.,, 
t 11 
1•1 
! ]! ,,, 
m 
118 
l" 
"' 10• i;i 
") , .. 
Hi 
'" 
" ' n I i .. 
" 
. ,. 
,,,
,m 
.. , 
~ :t 
.. ,
., 
\; 
I" 
rn 
m 
lAI 
'" ,, 
'" . ,, !H 
I If 
~00 
m 
'" !P :u 
11• 
1,1 
.,. 
'•! \10 
w 
.. 
" 
. ,. 
m ,,, 
1•1 
iii 
m 
Table 5 . 2 .1 0 (con t inued) 
·• I 
·I 
·i 
., 
. 
.. ,, 
,, 
.. " 
: - ~ J 
~ ! -1 ~ 
11 -1 
n ·! ,, 
11 •] 
,, ' .,
l ~ -~ ,, ( 
,, •6 
,, ' 11 -r ,, , 
,, . 
11 -o 
11 -10 11 ,, 
n :H 
" 0 n -i 
ll ·i n -1 
,. _, 
:I -l ll ., 
,, _, 
n :i 
l 1 . :v 
1' C 
" ' n J 
: -1 
' .. 
, I 
1 •I 
? ·i ! . ,p 
n J 
" l g -1 
11 -' 
" ) 11 -s 
17 •t 
11 -1 
l: V 1. _, 
• • I 
:: :! 
s 1 
0 t 
~ 'F , 
., 
I 
·I 
-~ 
.. 
I 
·I 
t 
·• 
' ., I 
.. 
.lE 
,, 
. ,, 
11 
• 11 
" 
.,, 
_,.
0 , 
., 
I 
p (N, O) [Co (tren) ( (R, S, S) penicil loic acidato)] Cl0 1i. 2 . SH20 
L fOIS f(.IL 
ll .I jll ii ·•g lq 
,, . I 6, 
" j I" a . ,u 
,. 4 ,n 
16 ·4 ]57 
U -1 lll 
16 6 1~6 
n =: m 
Ill 
m 
ll' ,Y! 
171 
l71 
.,, 
!,! )71 ii. 
18 •1 411 UP 
lf .. ) . !11..,!H 
1 .IWl l!H 
1 1 uo u, 
I ·l 616 666 
1 .i 11~ :1a l .: ,t,6 , f ,I 
t 5 670 611 
: ·i Hl H! l ., lll !11 
l ·I HI lh 
t · • 17) HO 
: ·1? ll' lt' 1 • 11 I ,s b 
1 1 ! 1·· 'l' : :ll i· l ,. 
, • ,1 .. I 
1 46 )0 
:1 mm 
·I n: n; 
:i 1iH 1:1 9 
.: m al 
.: :u m 
-i a: lP! 
' , ., "l .9 74' 1l 
.~8 H~ ~, 
·11 lf' ,,. 
.~( , a9 b 11j , ,,,I 
·1 HI Hl 
·1 .. , ... )9) , 0 1 
:4 HI !H 
·i m 1t8 l 5 406 405 :? H! Ht I -1 :1: ::A 
l ·• 'l' , a 
-lv M !H 
I' . 11 l' 0 1'1 .H ./! 1l •14 ,01 ,o 
1 O 411 JU 
: .1 lll m 
. I 1,a 1,. : . ••• '!? : -. m 1~1 
' .. 111 ll' ? .i fb 90 
P 6 4 1, ,o, 
1 •6 9 0) "l : .: m 11 
1 ·• 4 09 41' 
: .: {~~ nt 
1.n m Ill 
f :B Ht Hf 
9 ? ,1 1 ,01 
.. , 1·i .,, 
: -l .~ 111 9 ) ,, t, 
i ·? ?6a H' 
•.. .j, .. , 
9 , 110 14 
: ·! m m 
L I OIS H•L L fOIS ,CH l IOU 'CIL 
.am m 
::i m w 
J 1H Hl 
! ·I !H lH 
I ·t lfl Ill ~ · 6 (61 B1 
I ·1 'l: '!' 
: _, h· l·.111 ! :ii Hi 1 
; V ltl f i~ 
: :j Hi \9! 
: .: :H :i: 
' .i i:; i1'l i .: :a 4 I 
O I HI \\! 
! :t '!8 "l • ..• l,, ;g 
9 ·11 4U '" 
ii :I iir m 
tt • 11l '" 
11 .1 m !!l !! -; lH i: 
11 :_,, 6t, ,1\ n , U: 
!:fllillt 
; .! Jrg Ul 
: .i m rn 
~ :t n: :~t 
1 0 601 ,,, 
1 •l JP )69 
•• lo • 8•••• 
R 9 \'j 'l! ~ I ,l ,., 
0 6 6)) 615 
y t ll! w 
I .l m U 
! -1 ll! ll! .1 m m 
I .: jt' !'ii ! -1 ,~ Bl 
I ., 111 ,, :: i;, HI 
I ··? •• 107 , :;i 4i; ,n 
1 :1· m :lj 
. ''I .. • . lo 41 1 
• ·• • l'l 
-l ,&F j!8 
.; Hl ·ll 
.1 ,Y, , 
.o 199 ,., 
-,~ w I'! 
·•o a~ ,\, 
.; :;, lU 
-1 Bl :Al 
-! :H :·11 
I l.. ! • 
·: i:; !H 
-, m 1:1 
·1 s., i,6 
.f 'i) 'jl 
... !.. l • 
0 U l 441 
l , 011 '<•l 
1 :\ m m 
1 :1 m m 
1 =: m m 
18 -9 "' 'ii~ :g -l Hj ,l lo J a. 
l~ -1 Iii. ;:; 
I~ :f ' 9 lij 
'l l I 19 ! :1 m M 
II :! ll' ll! 
... . t ... 
1 0 11, ,,, l ·1' 11 !1? 
I • ,i 10V 
l :! jH II! 
i .i 4n :,: 
I .t jH jll 
1 J 1' U 
1 • 1 461 406 
~ ., a: ,H 
• -·g !ii ir 
.l l J 
• 
11 ! l ii 
. i· 11' 
-• ol Y 
i O t 
·! m : 
:? ll' 1!! 
·10 1,b 4 
0 '41 47) 
1 mm 
1 :i; 1:1 
·: !H tf: 
6 16 i,, 
., 4l' 4'4 
:, lr1 lll 
, o !'I 111 ; .1 fa ur 
~ :i 1:, U8 
i · Ii. 1n !H 
1 61 60 
: ? 1°1 ll' 
: ·1 ih !d 
i ~l Iii !1! 
n:1m m 
•• Ill • 10•••• 
9 m 111 ~ m 11 
·! H1 m 
. l'' ll7 
.: ,~i m 
• I 101 11i 
=, m 111 ? b, 1Yl 
., !i~ i:1 
-1 • ,. l ,o ,,. 
:l l:, ill 
:! H~ !j8 
.1 1:1 l,I 
I hi !"I 
=! n· 11& 
:, ·161 jtl 
:t :: 1!1 
Table 5.2 .1 0 (continued) 
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Table 5 . 2 .1 2 
0 
Bond lengths (A) and in t erbond angles ( 0 ) in 
p(N, O) [Co( tren) ((R, S, S)a-amino-3-carboxy-5 , 5- d i methy l -2-thiazo l idine-
acetic acidato)]C l 0 4 . 2 . 5H 20 
Estimated s t andard deviations are given i n parentheses 
Co - N( l ) 1 . 970(10) 0(1) - Co - (1) 94 . 2(4) 
Co- N (2) 1. 937(11) O( l ) - Co - N(2) 178 . 8(4) 
Co - N (3) 1. 957(12) 0(1) - Co - (3) 88 . 0(4) 
Co-N(4) 1. 975( 11 ) O(l) - Co-N(4) 86 . 7(4) 
Co-N(5) 1. 945(10) 0(1 ) - Co-N (5) 84 . 7(4) 
Co - 0( 1) 1. 917(8) (l)-Co-N(2) 86 . 8(5) 
(1)-Co - (3) 86 . 3(5) 
( 1) - C(l) 1. 507( 17) (1) - Co- (4) 85 . 9(5) 
N( l ) - C(3) 1. 503 (17) ( 1) - Co - (5) 178.4(5) 
( l )-C(5) 1 . 48 1 (16) (2) - Co - N(3) 91.4(5) 
(2)-C(2) 1. 4 78 (16) (2) - Co - (4) 94 . 0(5) 
(3) - C(4) 1. 489(18) (2) - Co - (5) 94 . 3(4) 
(4) - C(6) 1. 492( 16) (3) - Co-N(4) 170 . 3(5) 
(3) - Co - (5) 92 . 6(5) 
C( l )-C(2) 1. 483(19) N(4)-Co- (5) 95 . 2(4) 
C(3) - C(4) 1.495(21) 
C(5)-C(6) 1. 447(20) Co - (4)-C(6) 109 . 9(8) 
Co - (3) - C(4) 11 1. 2(9) 
C(7)-0( l ) 1. 273(13) Co- (2) - C(2) 109 . 8(9) 
C(7) - 0(2) 1.2 16( 14) Co - (1) - C( l ) 109 . 3(9) 
C(7)-C(8) 1. 567(18) Co - ( l ) - C(3) 104 . 9(8) 
C(8)- (5) 1. 464(15) Co- ( l ) - C(5) 105 . 4(9) 
C(8)-C(9) 1. 525(16) 
C(9) - S 1. 880(15) N(2) - C(2)-C(l) 109 . 3( 12) 
C(9)- (6) 1. 418(17) (3) - C(4)-C(3) 109 . 8(13) 
C( l O) - S 1 . 836( 15) N(4) - C(6) - C(5) 109 . 0(13) 
C( l O)-C( ll ) 1 . 600(20) (l)-C(l)-C(2) 111. 6 (11) 
C (10)-C (12) 1 . 548 (23) N(l) - C(3)-C(4) 109 . 6( 13) 
C(lO)-C (13) 1.475(20) ( l )-C(5)-C(6) 110 . 6(14) 
C( ll )- (6) 1. 472( 16) 
C( ll )-C( l 4) 1. 6 10 (20) Co-N(5) - C(8) 11 1. 0(8) 
C ( 14 )-0(3) 1.1 91( 18) Co-0( 1)-C(7) 116 . 4(9) 
C(l 4) - 0(4) 1. 253(17) O(l) - C(7)-0(2) 126 . 4(13) 
C (8) - ((7)-0(2) 11 7 . 9(11) 
Cl -0(5) 1. 422(13) C( l )- (l)-C(3) 112 . 5(11) 
Cl -0(6) l. 400 (14) C( l ) - ( l ) - C(5) 11 0 . 6(11) 
Cl- 0 (7) 1. 348 ( 12) C(3)-N(l)-C(5) 113 . 7( 12) 
Cl - 0 ( 8 ) 1. 430 ( 16) N(5) - C(8)-C(7) 108 . 4(10) 
N (5) - C(8) - C (9) 114 . 6( 11 ) 
C(7)-C(8)-C(9) 109 . 3(1 1) 
C (8)-C (9)- (6) 114 . 3( 12) 
C(8) - C(9) - S 11 1. 2(9) 
(6)-C(9)-S 106 . 7(8) 
C(9)-S-C( l 0) 92 . 7(7) 
C(9) - (6)-C ( 11 ) 106 . 7(1 1) 
S- C(lO)-C( l 1) 102 . 9(10) 
S-C(lO) - C( l 2) 107 . 7( 12) 
(cont inued) 
Tab l e 5 . 2 . 12 (con tinued) 
S-C (10)-C(l 3) 
C(ll)-C(l0)-C(l2) 
C( ll )-C(l0)-C( l 3) 
C(l2)-C(l0)-C(l3) 
(6)-C(l l )-C(lO) 
N(6)-C(ll)-C(l4) 
C( l 0) - C( ll )-C(l4) 
C(ll) -C(l4 )-0(3) 
C(ll)-C(l4)-0(4) 
0(3) -C ( l4 )-0(4) 
0(5) - Cl- 0(6) 
0(5)-C l-0(7) 
0(5) - Cl-0(8) 
0(6) - Cl- 0(7) 
0(6) -Cl-0(8) 
0(7) - Cl - 0(8) 
111.8(12) 
108. 7( 13) 
113 . 2(14) 
112 . 1(1 4) 
107 . 6(1 1) 
113.5(12) 
115.1(11) 
114 . 4(14) 
111 . 9(14) 
133 .4(1 7) 
111.5(8) 
111.5 (9) 
106 . 6(10) 
113 . 1(9) 
108 .1 (11) 
105 . 6(10) 
Table 5 . 2.13 
Hydrogen Bonding Interactions for 
p(N, O) [Co(tren) ((R, S, S)penici lloic acidato)]Cl0 4 .2 . 5H 20 t 
N-H ···· O/ 
0 0 
-H (A) H· · · · O(A) N-H· ··· 0( 0 ) 
I III (2) -11(1) · · · · 0(7) 0 . 97 2 . 24 158 
I IV (2) -11(2) · · · · 0(4) 0 . 94 1. 87 157 
I V N(4) -11(5) · · · ·0 (9) 0 . 94 2.16 167 
I VI N(4) -11 (6) · · · · 0(2) 0 . 97 2.27 131 
I VI (5) -11(8) · · · · 0(2) 0 . 96 1.96 150 
I II (6) -11(9) · · · · 0(10) 1. 00 2.24 167 
0 
t The Van der Waal ' s Radii used were: 11, 1.0; 0 , 1.4 A 
I The superscripts refer to atoms related to those in Tab l e 5 . 2 .12 
by the operations: 
I X y z 
II ¾+x ~- y - z 
III ¾- x - y z-¾ 
IV x-¾ ¾- y - z 
V l+x y-¾ ¾- z 
VI ¾+x - y z-¾ 
Table 5 . 2 .14 
(a) Least - sguares planes for e(N,O) [Co(tren)((R, S, S)penicilloic acidato)] 
Cl04 . 2 . 5H20 
Plane Atoms defining Equation f th e lane 
1. Co , ( 1), (2) 0 . 2368x 0.7832y - 0 . 57492 0. 74 77 = 0 
2 . Co, (1)' N(4) - 0 . 6467x + 0 . 2420y - 0 . 72332 + 6.1898 = 0 
3 . Co, N (1)' (3) -0 . 6722x + 0 . 32 18y - 0 . 66682 + 6 . 2797 = 0 
4 . Co , 0 ( 1) , N(5) 0 . 2573x 0 . 7756y 0 . 57642 0 . 9102 = 0 
5. s, C (9), C( l O) , - 0 . 8179x + 0 . 1524y 0 . 55482 +10.0305 = 0 
C( ll ) 
t The equation of the p l anes LX + IY + Z + D = 0 refer to orthogona l 
coordinates, whe r e: 
X = 13 . 7840x + Oy + Oz 
y = Ox+ 18.4450y + Oz 
z = Ox+ Oy + 9 . 91202 
0 (b) Distances (A) of atoms from least-squares planes: 
Pl ane 1. C ( 1) 
C (2) 
Plane 3 . C(3) 
C(4) 
Plane 5 . s 
C(9) 
C ( 10) 
(c) Angles (0) between 
1. + 2 . 85 . 8 
1. + 3 . 91. 6 
1. + 4 . 1. 3 
1. + 5 . 89 . 7 
2 . + 3 . 5 . 8 
- 0 . 00(2) 
-0 . 50(2) 
- 0 . 71 (1) 
- 0 . 20(2) 
-0. 00(6) 
0 . 05(1) 
0 . 10(2) 
planes 
2 . + 4 . 
2 . + 5 . 
3 . + 4 . 
3 . + 5 . 
4 . + 5. 
Pl ane 2 . 
Plane 4 . 
C(ll) 
(6) 
86 .4 
14 . 7 
92 . 2 
14.4 
90 .5 
C (5) 
C (6) 
C ( 7) 
C(8) 
-0 . 06(3) 
0 . 59(1) 
-0 . 59(2) 
-0.02(1) 
0.25(1) 
0 . 43(1) 
Figure 5 . 2 . 3 Genera l view of the p (N, O)[Co(tren)((R, S, S)penicilloic 
acida t o)]+ cation, showing the overall s tereochemistry 
and th e atom numbering scheme adopted . 
Figure 5 . 2 . 4 Stereodiagram of the crystal packing 
and hydrogen bonding network in the 
unit cell of p(N, O)[Co(tren)((R, S, S) 
penicilloic acidato)]Cl0 4 . 2 . SH20 
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of th e least so lubl e isomer in a pure state as the mixed 0 3 .CI04 salt . 
Table 5 . 3.1 li s t s th e ani ons used in attempting a simple separation of 
t his mix ture , and it indicates the resul s obtained . Table 5 . 3.2 
list s the results of various chroma ograpl1ic techniques to effect the 
separation of the isomeric mixture . PPG yielded partial fractionation 
of th e least-soluble isomer but thi s could not be recovered isomeric-
al l y pure . Similarly the crystalline solid obtained using Li 2ZnC1 4 
(pll 5 . 5) cou ld not be ob t ained in an isomerically pure state . llowever 
e lemen tal ana l ysis (p . 135) indicated Zn binding at the thiazolidine 
ni trogen and carboxylate oxyge~ and was consistent with the formulation 
(5 . 3 . l] . 
tren 
( 5. 3 . 1] 
Treatment of the pure 0 3 . Cl0 4 complex with tris buffer at pll 9 
resulted in deprotonation of the free carboxy l ate on the thia zo lidine 
ring and the r esultant deprotonat d species was crystallized to purity 
from aqueous aCJ04 . This complex was shown o be th e p[Co(tren)-
((R,S, )penici ll oic acidat~]C l 04.2 . 51l20 isomer by X-ray crystallography . 
A f101 char t of th ese r eactions is sho1m in Figure 5.3 . 1 
/\nether isomer of the p(N ,0) [Co(tren) (pcnici l loic .ici<ldto) J 2+ 
complex ((R , R ,S)) was pr epared in an isomcrical l y pure form as follows . 
The -C(7) B- Jactam linkage of 6-aminopenici ll nic acid was cleaved 
1vi th H1 c10II a nd the disodium sa lt of 6- aminopcnici lloi.c acid isolated 
(111 IR spec troscopy) . Re,c t ion of this l igan<l with (Co(tren)(DISO)z] 
(C10 4) 3 or (Co( tren)(Oll)(ll20) ] (CJ04) 2 in D ISO 1vith tricthylamine yie ld ed 
th e desir d omplex . Only a sma ll amount of mutarotation was appa r en t 
Table 5.3 . 1. 
Anion Result 
1 - Cl 
-
Br 
-
I -
Cl01+ -
N03 -
BF" -
PFG Micro-crystalline so lid 
SCN -
03 . Cl04 Crystalline solid 
Antimony! (+) Tartrate -
2 - S01+ -
S206 -
ll2ZnCl4 -
Li2ZnCl4 Crystalline solid 
CdCl" -
C201+ -
(+) Tartrate -
Table 5 . 3. 2 
Resin/Eluant Result 
50WX2 D01vex 1/ /IICl o resolution 
II /P01+ - (pH 6 . 86) II 
SPC-25 Sephadex/Cl01+ - Band broadened but no 
resolution 
II /Ci trat e o resolution 
II /S01+ - II 
II I ( +) Tartrate II 
II /Antimonyl (+) Tartrate Band broadened but no 
resolution 
II 2 ~ 11 I I 2 + 
/ "'f- ccor1)2 
tren Co ~ 
0 0 
+ 
ll~COOII 
-lt-le 
11S le 
trl?n 
m1s0 
1120 (pll 4 . 8) 
II 
II /0011 
\ / ~'---f-.._ 11 llx21 C 
\ 
le I s Co I le 
o~o 
2+ 
Li 03/LiCl04 in 1120 
and 1e0H 
At least 3 isomers 
observed ( '1-1 IR 
spectra) 
Isomers A and Bas 
( 0 3. Cl04) salts 
Fesidual A and B plus 
isomer C and unreacted 
materials 
Isomer 
Pure ( 
SC: l t 
l 
' \ 
f s ner A 
Pure Cl04 salt 
~lultiple 
fractionations 
with N03-/CI04-
and e0II 
Iso~er B + residual A 
Unable t o be isolated 
in solid form 
Figure 5.3 . 1 
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during workup . These result s arc presented schematically in Figure 
5 . 3 . 2 This species was also crystallized as its deprotonated form 
(ClQ4-) after treatment with tris buffer. It was not possible to iso late 
the intact ligand free from cobalt by the usual reductive me hods 
(8!14 - /II+, H2S) . 
Attempts to close the B-lactam ring of the chelated pcnicilloic 
acid using a water soluble carbodiimidc reagent, and via csterification 
and subsequent elimination failed. 
5 . 3 . 2 IR SPECTRA: The 1 11 IR spectrum of p [Co(tren)(scr)]S 20 6 
-----------
contains a singlet at o 3.92 assigned to the -CH20II moiety of th e ligand . 
This signal is split by the a -mcthine proton, however the coupling is 
very small and it appears as a singlet . Since these protons are 
diastercotopic, the signal should be split into a quartet but this 
coupling is extremely fine and is not observed . The methine signal 
is hidden by the 1100 peak . The 13 C IR spectrum of this complex 
contains a peal-- at o -4 . 9 consistent 1vi th the -Cll20II group, and a 
peak at o -7.2 consistent with the -Cl!- group; this peak overlaps 
one of he trcn- C!l2 resonances at o -7 . 3. This assignment was made 
on the basis of 111-coupled spectra. 
The 11! ~IR spectrum of p (Co(tren) (hydroxyethoxymethylglyciTJr.to)JZnCl 
is shown in Figure 5.3 . 3. The complex is chiral at two asymmetric 
carbon centres, hence diastereotopic splitting of the two isomers was 
expected but this is too fine to be observed . The multiplets a o 1. 3 
nnd o 3. 9 arise from the Cll 3 and Cll2 groups respectively of the ethoxy 
moiety of the complcx,nnd fr e cthnnol in solution generated by the 
quilibrium (5 . 3 . 2) . 
H II II, t r-S "(~::: 
or-- j '' 
COOi! 
2 eq aOII 
tren 
+ [Co (tren) (DI 0) 2] (Cl04) 3 or 
[Co (tren) (01 I) ( 11 20)] (C l 0 4) 2 
I somerica lly pure ( 10 3 . Cl 0 4) sa lt of th e complex 
tri /11 2 0 
'aCl04 
r:igure 5.3 . 2 
H D 
lo) I 
11 
8 6 2 0 
PPM 
Figure 5 . 3 . 3 111 IR spectrum of p[Co( tren) (hydroxyethoxymcthylglycine)] 
Zn( l4 in D20 . pinning side bands of the 110D peak are 
indica t ed ( • ) 
011 
OEt 
II 
153 
/ N II 
tren Co 
Oil llrll Oil 
+ EtOH 
0 0 
[5.3 . 2] 
The doublet centred at o 5 . 25 arises from the outer methine proton of 
the two diastereoisomeric hydroxyethoxy complexes (it is not due to 
H-H coupling in one complex, since the "inner" methine proton has 
exchanged), while the singlet at o 5.54 is due to the same proton in 
the dihydroxy complex. 
The 1H NMR spectra of both (R,S,S) and (R,R,S) isomers of 
p[Co(tren)(penicilloic acidato)]Cl0 4 . 0 3 are shown in Figure 5 . 3.4 (a and b 
respectively) , along with the 1H MR spectra of 6-aminopenicillanic 
acid (c) and 6-aminopenicilloic acid (d) for comparison. Chemical 
shifts and corresponding couplings (where applicable) are listed in 
Table 5 . 3 . 3 . In every case the resonance at C(5) is split into a 
doublet (JII-H 4-10 Hz) due to coupling with the methine proton on 
C(6) . This coupling is indicative of the two methine protons on C(5) 
and C(6) being cis to one another . t llence the (R,R) stereochemistry 
at these carbons is retained during the alkaline conversion of 6-APA 
to 6-aminopenicilloic acid . The methine signal from the proton on 
C(6) is also split into a doublet due to this coupling (JH-H = 2-4 Hz) 
t Reference 34, p. 330 states that for the system 
R 118 !IA /S "'-. \ I / y 
-- C(6) - C(5) 
~ '-1 
0 
a study of many of these compounds has shown 
that J/\B(cis) = 4-5 llz , JA8 (t:rans) = 1.5-2 llz . 
HOO 
fol 
, I 
u 
HQO 
lbl 
k I 
Id! 
HOO 
I 
I! 
HOO 
I 
i, 
I 
_____ __,.; \._i;v-,.._ _ _j "-.-. 
'---'----'----'----'---_.__--'---'----' 
0 
Figure 5 . 3 .4 
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111 ~IR spectra of the (a) (R, S, S) and (b) (R, R,S) 
p(N, O) [Co(tren) (penicilloic acidato)] 2 + complexes , 
(c) 6-aminopenicillanic acid, and (d) 6-amino-
pcnici ll oic acid in 0 2 0 . , aTPS ( • ) was used as an 
jnternal reference and spinning sidebands of the 
1100 peak arc indicated ( • ) 
Table 5 . 3 . 3 
1
11 MR Spec tral Data for Various Penicillin Precursors 
Compound 
6 -/\Pi a) 
6 - aminopenicil lo ic 
. de a ) ac1 
p [Co ( tre n) ( (R, S, S) -
penici l l o i c 
acidato)] 2+ ( b) 
Resonances 
C(2)(CH3)2 Tren - CHr /1(3) 
1 . 56 , 1 . 64 4 . 62 
1. 48 , 1.68 4 . 64 
H (5) 
5 . 18 
d,J=61lz 
4.92 , 
4 . 96 
H(6) 
5 . 63 
d , J=411z 
5 . 11 
d,J=411z d , J=21lz 
1 . 60,1 . 80 2 . 72-3 . 80 4 . 64 5 . 50 4 .1 6 
d ,J=l Ollz q , J=8l1z 
tre n '1l 2 ' s = 4 . 48-5 . 00 (611), - Nll2 = 6 . 28 - 6 . 60 (2H) 
p [Co (trcn) ( (R, R, S) -
peni ci l l oic 
acida to )] 2+ ( b) 
tren I ll2 ' s 
1 . 66 -1 . 8 1 2 . 80-3. 76 4 . 78 5 . 58 4 . 12 
d , J= l Ollz q,J=8l1z 
4.50-5 . 00 (b , 61:) , - 11 2 6 . 30-6 . 60 (211) 
(a) Protons at th e - 11 2 a to C(6) have been exchanged "i th 
deu t erium (D20) . 
(b) The proton on th e secondary amine has been exchanged I ith 
d uterium (D 20). 
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and further spli tt ing due to th e protons on the a-ami no group is not 
observed due to deut erium exchange in the ligand species . However the 
che l ated ligands show a quartet due to coupling from the protons of 
th e chelated a -amino group (JH-H = 8 llz) , as t hese protons have not 
been exchanged . The formation of the penicilloic acid complex from racemic 
p [Co (tren)(dihydroxymethylglycin~to)]ZnCl4.2ll 2 0 and (S)penicillamine in 
020 was moni t ored in the 1H MR spectrometer over a 6 hour period(_.!_-~) , 
and th ese results are shown diagrammatica lly in Figure 5 . 3.5 . 
Preparation of 6-aminopenici lloi c acid from 6-APA was carried out 
using -2 equiv of base , and this reaction was initially monitored 
by 1H NMR spectroscopy in excess 1. OM NaOD (_.!_,~) . o mcthine proton 
exchange was observed, hence it was concluded that mutarotation had 
not occurred at any of the three centres . However addition of 
DC I Ci) caused mut arotation of the product , hence in all synthetic 
reactions 6-aminopenicilloic acid was recovered directly as the crude 
disodium sa lt. These observations are presented schematically in 
Figure 5 . 3.6 
The 13 C IR spectra of both (R,S,S) (a) and (R, R, S) (h) isomers of 
p [Co(tren)(penicilloic acidato)]Cl0 4 . 0 3 are shown in Figure 5 . 3. 7, 
and the spec tra of 6-aminopenicil l anic acid (c) and 6-amino-
penicilloic acid (d) are included for comparison. A list of chemical 
shifts is shown in Table 5 . 3 . 4; assignmen t was made on the basis 
of 1H-coupled spectra, and comparison with spectra of related compounds 
(e . g ., th e thiazolidine and (N,O) cysteine complexes). Ring opening 
of th e B- l ac t am linkage causes th e shift t o l ow field of the C(5) 
re onance . 
5 . 3 . 3 VISIBLE AD ORD SPECTRA : The visib l e spectrum of the 
p (Co(tren)(dihydroxyrnethylglycinato)] 2 + species has been presented 
Figure 5 . 3 . 5 
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Ilic formation in the 1 11 ' IR s pectrum of an isomeric 
mixture of p(N, O)[Co( ren)(penici1 l oic acidato)] 2 + 
complexes from p[Co(trcn) (dihydroxymethylglycine)) 
Zn( l4 and (S)penicil l aminc in D2 0 over a period of 
6 hours . The decreasing concentration of (5)-
pcnici ll ami ne (+) and the dihydroxymethylglycinc 
complex (V) is indicated, and pinning sidebands 
due to th e 1100 resonance arc indicated (• ) . 
The i nt erna l reference aTPS (T) was used. 
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The formation in the 1 11 IR s pectrum of 6-nminopen i cilloic 
acid from 6-ArA and exec NaOD after~ hours· muta-
rotation of the product in l I DCl is indicated . The 
int rnn l reference aTPS (T) was used, and spinning 
sideba nds due t o the 110D resonance are i ndica t ed (• ) 
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1 3C ~IR spectra of the (a) (R, S, S) and (b) (R R, S) 
p(N, O) [Co(tren) (pcnici ll oic acidato)] 2 + complexes, 
(c) 6- aminopenicillanic acid and (d) 6-aminopenicil loic 
acid in 020. The internal reference dioxane (* was 
used . 
Table 5 . 3 . 4 
13 C NMR Spectral Data for Various Penicillin Precursors 
Compound Resonances 
C ( 2 ) ( Cll 3 ) 2 Tren-CH2 C(2) C(3) C(5) C(6) CO(O) a COOH 
6-APA 
-36 . 2,-40 . 4 
- -9.6 - 1.0 -2 . 9 +5 . 2 +104 . 3 +102. 2 
6-Aminopenicilloic acid 
-36.9,-40.4 -
-9.9 - 2 . 6 -9 . 2 +8.3 +110.5 +104 . 8 
p [Co (tren)((R, R, S) penici 11 oic acida to ) J 2 + 
-38.2,-39 . 6 -4 . 5 , -7 . 1 -13 . 9 - 5 . 5 -8 . 2 +5 .1 +112 . 6 +100 . 3 
-20 . 9,-21.6 
p [Co (tren)((R, S , S) penici l loic acida to)] 2 + 
- 38 . 2, - 39 . 7 
-4 . 7,-7 . 3 
- 13.9 -5 . 6 -8 . 3 +S.l +112.5 + 100 . 3 
-21.0 , -21. 7 
(a) In 6-APA thi s carbon is part cf th e B- l actam amide l inkage , whi l e in the 6-aminopenicilloic acids it is a 
carboxylate carbon . 
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(f-igure 4 . 3 . 6 in Chapter 4) and the hydroxyalkoxy spectra arc identical 
t o this , as would be expected . The visible spectrum of the p[Co(tren) 
(ser)] 2+ complex contains ligand field bands at 470 and 341 nm 
r espec t ive l y , fo l lowed by charge transfer absorption which maximizes at 
~215 nm. This spectrum is typical of the [Co( ) 4 (amino acidato)]n+ 
complexes discussed earlier (cf [Co(en)2(ser)] 2+ complexes) and is 
consistent with the Co 4 0 chromophorc . 
The visib l e and ORD spectra of the (R, S, S) and (R, R, S) isomers 
of t he p[Co( t ren)(penicil l oic acidato)] 2+ species are shown in ~igurc 
5 . 3 . 8 . The first ligand field band appears at 472 nm in both isomers 
while the second ligand field band appears as a shoulder ~340 nm , 
par tl y ovcrlayed by the strong charge transfer transi ions . It is 
relevant to note that only a small shift in the~ for a very 
max 
strong charge ransfer band is sufficient to swamp the adjacent 
d- d t ransition . 
The rota t ions of these complexes c~ +3000 deg 1- 1m- 1 for the 
(R, S, S) isomer and ~- 1400 deg 1- 1m- 1 for t he (R, R, S) isomer at 
~480 nm) arc induced entirely by the chirality in the ligands. The 
Co(III) ( t rcn) moiety is achiral, while the pcnicilloic acid ligand 
contains three chiral centres, at C(3), C(5) and C(6) respectively . 
The net effect is qui t e small as a consequence (cf the ORD spectrum 
of the p[Co( t ren)(thiazo l idine-4-C0 2 )] 2+ complex) and it is interesting 
to note that he natural (R, R, S) isomer is levorotatory (c natural 
(S)penici l lamine in Chapter Two) at 480 nm, while the synthetic 
(R, S, S) is dcxtraro t atory . 
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A (nm) 
The visible and ORD spectra of the (a) (R, 5, 5 ) a nd 
(b) (R, R, 5 ) p (N, 0 ) [Co ( tren) (penici l loic acidato)] 2 + 
comp l exes in 1120. 
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5. 4 DISCUSSION 
5 . 4 .l CIIEMISTRY: 
The reduction of an aldehyde to a primary alcohol with NaBl! 4 is 
well established in organic chemistry, and in this case (at pl! 7) 
results in a facile high-yield synthesis of serine from glycine . 
The mechanism of borohydride reduction is not fully understood 308 but 
is believed to occur via nucleophilic addition as follows , 309 (5.4.1] 
"'-._ C - 0 
------- -
+ II 
fo ll owed by disproportionation. 
H 
I 
- C - OBH3 --,. 
I 
[5 . 4 .1] 
p(Co(tren)(dlhydroxymethylglycinato)]ZnC1 4 .21i 2 0 reacts with methanol 
and ethanol in aqueous media to form hemiacetal complexes . 111 and 
13 C MR spec tra l studies of the ethoxyhemiacetal species indicate 
-50 :50 equi librium mixture of diastereoisomers which hydrolyze fairly 
rapidly to the free aldehyde and ethanol . The diastereoisomeric 
hemiacetal species have two dissimilar asymmetric centres , the inner 
one of which readily exchanges with deuterium and inverts, thereby 
effecting interconversion between the isomers [5 . 4.2], although this 
112 H /0~ OR tren Co -;; OH " -0 H 
0 
1120 '\ 
tren 
112 OR Oil \ ,I.-' /):'''' ~, Co H 
0 0 
(5.4 . 2] 
inversion is slow on the N1R time scale . 
In organic chemistry hemiacetal species are generally too unstable 
to isolate and they genera ll y react with solvent alcohol to yield 
3 1 0 [ ] more stable acetals 5.4 . 3 
II 
I 
R' - C = 0 + ROIi ---
II 
I 
R' - C - OR 
I 
011 
+ 
II 
I 
15 7 
R' - C- OR 
I 
OR 
(5.4 . 3] 
llemi;iceta l s of aldehydcs conu1ining clcctrophilic groups arc somewhat 
stabilizcd 311 , and hcmiacctals of glyoxalatc 312 , chloral 313 and hctcro-
cyclic aldehydes 314 have been isolated . This may explain the stability 
of the hcmiacctal Co(III) complexes since the chelated - 11 2 and -CO 2 
are strong e lectron withdrawing groups . The acetal species of thes e 
complexes have not been isolated. It is also possible e l imina tion 
of 1120 may occur, resulting in the more s table enol e ther complex 
(5 . 4 . 4] but there is no evidence for this. 
OEt 
II 2 Oil /:(~ N / II tren Co tren Co (5.4 . 4] 
' 0 -1120 o ~ o 0 
Tn this context some chemistry of the dihydroxy complex itself, 
not discussed in Chapter Four, will now be ou tlined . This complex 
would be expected to yield the imine specie in base via an elimination 
reaction and this process is now well-understood for complexes of the 
I 6 I 2 7 6 
' (c p . 117). lloi.cvcr t reatmcnt of 
the dihydroxy complex with base followed by rapid reacidification 
yi lds stnrting 111.itcrial rather tlwn the tnutomeric imine 
The "inner" methine proton i quite 
acidic, enhanced by the effect of the electron withdrn1~i11g effect of 
the -C11(011)2 group . and it exchanges rapidly in 1 I DCI. There is no 
characteristic methine signal in the 111 and 1 3C IR pectra (p . 115), 
suggesting a C-n moiety (the C-11 mcthine proton can be observed in the 111 IR 
158 
spectrum run in d 6 -D ISO) . The complex can be deprotonated with OW 
(O .l 1) (pKa - 11),although th e nature of the deprotonated species is 
not known precise ly [5 . 4 . 6] : 
tren 
[5.4 . 6] 
tren 
/ 
II Ii \
:0 
Co 
"'---o o 
L 
"{ / N fl Co I
0 G 0: 
Simila rl y the "outer" me thin e (CH(Oll) 2; CHO) exchanges in O. IM OD 
(
111 N1R spectrum) bu t much more slowly , possibly via the imine [5 . 4 . 7) : 
.. r en 
0[) ), 
I~ XS" II Dx:OD D / '\J ), OD / N~ 
tren Co ~ D- OD~ ren Co OD 
o o ~ "'- o o 
[5 . 4 . 7] 
p [Co ( tren) (dihydroxymethy l g lyci ne ) ] ZnCl" . 2H 2 0 condenses with 
(S)-peni ci ll amine in aqueous and lJN "O meJia to give an isomeric 
mixture of p [Co(tren)(peni cil l oic ncid:ito)] 2 + complexes . 111 .·~m 
spec t ra l evidence (refer Figure 5 . 3 . 5) indicates that at least 
three of th e four possible diastereoisomers [i . e . (R, R, S) , (R, S, S) , 
(S, R, ) and (S, S, )] are present in th e crude rea tion mixture . 
l'rc ·ent l y it lws proveJ possible to isolate only the (predomin;1nt) 
(R, S, S) is mer from thi s mix ture as a '03 /ClOi. salt . and while the 
natura l (R, R S) comp l ex can be separate l y prepared from the li gand 
and a l so crysta ll ised as a Q3-/C 10 .. - sal t, i t has not been possible 
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to fractionally crystalli 2 e this isomer from the crude produc mixture 
obtained from the condensation r eaction . The use of different anions 
to fractiona ll y crystalliZe these isomers and different chromatographic 
t echniques failed (refer to Tables 5 . 3.1 and 5 . 3. 2). Attempts to 
mutarotate these complexes in acid and in base led to ring-opening 
of the thiazolidine to yield t he dihydroxymethylglycine complex and 
free penicillamine and subsequently decomposition. 
The preparation of 6-aminopenicilloic acid from 6-APA by treatment 
with 011 re s ult ed in the isomerically pure ligand, however mutarotation 
occurred rapidly on the addition of acid . 111 1R spectral evidence (refer 
Figure 5 . 3.6) indicated th e protons at C(3), C(5) and C(6) were stable 
to exchange (and hence inversion) in 1 . 0 I Na0D, and at this base 
concentration the thiazolidine ring was stable. 
The mechanism of thiazolidine ring formation from carbonyl compounds 
condensing 1ith B-aminothiols has been studied in depth 51 , 52 , 315 
and is believed to be both acid and base catalysed 316 ' 317 . Ratner and 
Clark 51 established that the thiol anion was involved in the addition 
reaction, and that the addition of N-ace tyl serine to formaldehyde is 
base-catalysed . llowever thiol addition to the carbonyl group via acid 
catalysis has also been demonstrated 318 . Jencks et al 3 19 have shown that 
the tendency of thiols to add to the carbonyl group is considerably 
greater than hc1t for attad by hydroxyl compounds or most amines. 
Further, they suggest that the unhydrated carbonyl compound is the 
reactive sp0cies in initial thiohemiacetal formation 316 , i . e . (5 . 4 . 8] 
I 
110 - C - 011 
I 
k dchyd 0 II 
-C-
k( RSII) I 
110 - C - SR 
I 
(5 . 4.8] 
Thi process was shown o be bo h general acid catalysed and base 
catalysed , and formaldehyde ace ta ldehyde acetone with respect to 
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affinity for the addition r eacti on. 
The mechanism fo r penicilloic ac id formation from 
p [Co(tren) (dihydroxymethylglycine)] 2 + and (S)-penicillamine is outlined 
b C 1 OW [ 5 , 4 , 9] . 
011 
"( o" H2 / N -1120 ~ /Nf O tren Co tren Co 
"" 0 0 o ~ o [5.4.9] 
(S)pe nSII 
Cl-13 5:!CH; Ht.OH / H 
tren Co 
"'-a O H2 COOH 
1-11,0 
CH3 
s~ ~;, •S ~ CH, H2 
"l / C( :; COOH tren H COOi! tren 
0 ""-o o 
1H and 13 C MR spectral evidence indicates that some unhydrated 
aldehyde complex is present in solution (-10%, p . 113, 115) and this has 
been assumed to be th e reactive species . This mechanism is supported 
by Kallen ' s315 studies with cysteine and formaldehyde; he concluded 
this reaction path was followed when significant fractions of total 
thiol existed as RSH and at relatively high carbonyl concentrations . 
These conditions are in evidence, since in acid media most of the 
penicillamine is present in the -SH form while the carbonyl species is 
present in equilibrium with the hydrated species (see above) . This 
reaction has been attempted in basic media but led to rapid and severe 
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decomposi t ion . 
Sheehan achieved the first B-lactam ring closure of a penicilloic 
acid to a penicillamic acid us ing dicyclohexylcarbodiimide in 1958 66 
and subsequent development of these compounds as facile reagents in 
peptide and nucleotide chemistry has led to the preparation of water-
soluble carbodiimides 32 ~ The carbodiimide ~cts as a dehydrating reagent 
and decomposes to yield acylureas plu s the amide linkage, i . e. [S . 4 . 10]. 
112 
r-<R 
"Ao ;, RI i=C= R" p_+ 0 0 ',' ll 'i' RI C R" 
(S . 4 . 10] 
Chelation of the primary amine to Co(III) removes it as a 
potential substrate, and in the case of the penicilloic acid complexes 
it was hoped the secondary amine would react to yield the B-lactam. 
llowever carrying out this reaction, using the water - soluble carbodiimide 
l-ethyl-3(3-dimethylaminopropyl)carbodiimide . llCl did not yield the 
desired product. Another approach ;1dopted to effect ring closure 
was the initial preparation of the chelated methyl ester (under 
anhydrous conditions) followed by treatment with a non-nucleophilic 
base (triethylamine) in m1s0, by which elimination of leOII might lead 
to the B- l actam species (5 . 4 .11]. 
trcn 
S Cll 3 j:cr1, 
COOi! 
H 
kOII 
IIC I (.-r) 
I 
trcn Co 
tren 
~n2 =1s Cll3 c/ Cll3 
"' /2' I O COOII 
0 
/ ~ , le 
+ lcOII [S.4 . 11] 
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Reasons for the failure of these types of reaction are concerned 
possibly with the unfavourable interaction of the orbitals of the 
secondary nitrogen and the carboxylate carbon . The chelated carboxylate 
has not t he same freedom of motion as in the uncoordinated penicilloic 
acid species and the co r rect orbital overlap necessary does not seem 
to be sterica l ly possible . While Baldwin ' s rules for ring closure 205 
indica t e that such a 4- exo- Tet or 4- exo -Tri g process is s terically 
favoured, this applies on l y when there are no obvious steric 
constraints (5.4 . 12) 
4- exo-Tet 4- exo-Trig (5 . 4 . 12) 
These reactions have not been thoroughly investigated and more work 
needs to be done. 
Attempts to remove the ligand from the Co(III) centre, in order to 
- + 
effect 8-lactam ring closure with carbodiimides, using B!14 /H and 
a2S at pl! 8 were not successfu l . The complex is surprisingly stab l e 
to BH4 reduction (even in great excess in acid) and no obvious reason 
for this is apparen t. 
t he l igand . 
ll 2S react s with th e Co(III) ho1,cvcr i t also destroys 
5 . 4 . 2 DESCRIPTIO OF THE STRUCTURES: 
The Co(III) geometry is approximately octahedral in both structures , 
wi t h the ligands in each case adopting the p configuration with respect 
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to th e tren li ga nd. It shou ld be noted at this point tha t the structure 
of th e p(N, O) [Co(tren)((R, S, S)penici lloic acidato)( complex is less 
accurately de t er mi ned t han that of the p[Co( tren)( dihydroxymethyl-
glycinato)] 2 + s tructure due to he paucity of data (this is indicated by 
referring to th e ratio of the number of non-hydrogen atoms per .isymmetri.c 
unit t o t he number of observed data in each case (I :58 and 1:118 
respectively)) , and explains the significantly larger s tandard 
devia ti ons in t he bond l engths and ang l es in the penici ll oic acid 
s tructure (Table 5. 2 . 12) . 
Th e p [Co(tren)( dihydroxymethylglycinato )] 2 + s ructure was under-
t aken t o co 11 firm th e hydrated nature of the aldehyde, while the p(N, O) 
[Co(tren) ((R, S, S)penici ll oic aci.da t o)] + structure was undertaken in 
order t o unambiguously charac t erize the bonding mode of the penicilloic 
acid l i.gand (cf Sec ti on 5 . 1) , and to establish t he stereochemis try at 
C(8) , C(9) and C(ll) . Also, it should be no t ed t hat to date no report 
of a s tructura l determination of a penici ll oic acid (or i t s metal 
complex) has .1ppenred in the Ji teraturc. The bonding moJe of the 
p nicilloic a id ligand is established ns ( 0), via th e amine group 
and carboxylate at C(8) , while the stereoch mis t ry of the complex at 
C(8) , C(9) and C(J 1) is (R), (R) and (S) respec t ively . As expected 
th e chira l i ty of C( ll ) is retained from (S)-penici ll amine , and muta-
rotation can arguably occur a t both C(8) and C(9) during the condens-
a ion reaction . The above configuration differs from natural penicillin 
on l y at C(9): t he s tructural study of D-a-benzylpenicilloic aci d 
(the nnturally occurring compound) reveal the configura t ion 
nt C(9) anJ C(ll) to be (RS) while X-ray crys t al l ographic s tudies of 
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Ot her l'en1·c1· 111·ns 322 - 325 l th (R R 0 ) f" · f 
, revca e J Jo con 1gurat1on or naturally-
occurring penicillins . 
The bond lengths and angles of the tren quadridcntate in both 
structures do not differ significantly from those found in the 
p [Co (trcn) (3-dimcthylamino-2-aminoacry ly lch loridc)] (ZnCl 4 ) Cl .11 2 0 
structure (cf Table 4.3.3) or values published for the p and t 
[Co( t ren)(gly)] 2 + complcxes 275 . 0 The Co- (1) bond length (1.94(1) A) 
for the dihydroxymethylglycinato species is hortcr than he Co - (. (2)-
0 (4)) primary amine bond length s (1.95 - 1. 98 A) as expected, however 
0 in the penicilloic acid species this bond length (1.97(1) A) is not 
0 
significantly different. The Co-0(1) bond lengths ( l.91(1), 1.91(2) /\ 
respectively) in each structure arc in he middle of the range (1.88-
o 
1 . 92 A) for ionic coordination in these structures 275 , 285 , 326 - 328 
0 (note that comparison with the Co -0(1) bond length (1 . 94(1) /\) of the 
acrylylchloride structure is invalid since in this case coordination 
is via a dative bond from an ad ti ch lo ride moiety). The gcor.ietry of 
the five-membered (NJ O) -bound chelate ring in both struc ures does not 
differ significnntly from that of simi lar complexcs 275 , 326 - 328 and 
the (5)-C(8), C(8)-C(7) and C(7)-0(J) bond len gths and angles arc 
similar in a l l cases . This i · in contrast with the acrylylchloride 
structure in which extensive delocalization of this chelate ring has 
occurred. 
In the dihydroxymethylglyci nato complex tl1e t rcn ligand adop ts the 
cnantiomorphic A66 conformation (using the convention outlined in 
Section 4.4 . 3) and this is one of the conformations observed in its 
prccur or the acrylylchloridc complex. /\s both the complcxc discussed 
above crys alliz in noncentrosymmetric space groups,only one conformation of th 
trcn l igand is observed ( f the acrylylchloride complex, in which the 
space group is ccntrosymmetric, leading to wo different conformations 
in each unit cell). The A66 conformation is also observed for the 
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penicilloic acid comp l ex although, as Figures 5.2 . 1 and 5.2 . 3 clearly 
indicate, the complexes are enantiomers of each other. However the 
C(2) atom of ring three in the dihydroxymethylglycinato complex deviates 
from the plane defined by N(l), C(l) , (2), N(5), C(8), C(7) and 0(1) 
towards the opposite side from the substituent group on C(8), whereas 
in the penicilloic acid structure this atom deviates from this same 
plane towards the same side as the substituent group on C(8). 
0 
The C(8)-C(9) bond lengths (1 . 50(1) and 1.53(2) A respectively) 
are simi l ar in both complexes . In the dihydroxymethylglycinato complex 
0 the C(9)-0(3) and C(9)-0(4) bond lengths (1 . 40(1) and 1. 39(1) A 
respectively) do not differ significantly from the C-0 bond lengths 
0 
observed in racemic and (S)serine (1 . 42 and 1. 43 A respectively 329 ) 
and the 0(3)-C(9)-0(4) bond angle (111 . 1(6) 0 ) is close to the ' ideal ' 
value of 109°28 '. In the penicilloic acid complex the bond lengths 
in the thiazolidine ring are similar to published values for 6-APA 322 , 
Penicillin V323 , Ampicillin 324 , D-a-benzylpenici l loic acid 321 and 
piperacillin 325 . The bond lengths C(lO) - C( l l) and C(ll) -C(l4) 
0 (l . 60(2) and 1. 61 (2) A respectively) are longer, but not significantly 
0 
more so than in the other structures (1 . 52-1.58 A). The C(9)-S and 
0 
S-C(lO) bond lengths (1 . 88(2) and 1. 84(2) A respectively) are typical; 
0 
the range of values published is 1. 79-1 . 89 A and the C(9)-S-C(l0) angle 
(92 . 7(7) 0 ) is within the range of published values . The S-C(9)- (6) 
bond angle (106.7(8) 0 ) is larger than that observed in the other 
penicillin structures (103°), however it is the same as in the 
B-lactam ring-opened penicilloic acid structure . Correspondinglx the 
S-C(9)-C(8) bond angle (111 . 2(9) 0 ) is significantly smaller than in 
t he fused bicyc l ic structures done (11 8°-122°) however i t is the same 
as that observed in the B- l actam ring-opened compound . The C( l 4)-0(3) 
0 0 
( l.1 9(2) A) a nd C(l4)-0(4) (1.25(2) A) bond lengths indicate the 
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negative charge on the carboxy l ate is distributed over both oxygen 
atoms as expected . 
The sulphur and three carbon atoms C(9), C(lO) and C(ll) of the 
thia zo lidine ring are essentially co-planar, with t he nitrogen N(6) 
s ti cking up out of the plane . This pl ane makes a dihedral angle of 
90° wi t h th e chelate (N, 0)-bound five - membered ring. Both C(7) and 
C(8) are signifi cant l y ou t of the plane defined by the Co , 0(1) and 
N(5) atoms. In the published penici ll in structures discussed above 
the fused 8- l actam ring places steric restraints on the thiazolidine 
ring, resulting in relationships between the substituents on C(lO) 
and C(l l ) which define the ring conformations 330 however the 
unhind ered rotation of the thiazolidine ring at C(9) removes such 
constraints. 
The packing of the ions in the crystal l attice for both complexes 
is shown in Figures 5 . 2.2 and 5 . 2 . 4 respectively, and is determined 
in part by the hydrogen bonding network, shown by heavy l ines in both 
figures . The cri t eria used to determine hydrogen bonding interactions 
was : hydrogen atom and acceptor atom contact should be less than the 
0 0 
s um of their Van der IYaal radii (1 . 0 A for H, 1. 7 A for Cl and 1.4 A 
for 0) . The active hydrogens in t he dihydroxymethylglycinato complex 
are those on the tren nitrogen atoms (2) - N(4) and the coordinated 
nitrogen of the dihydroxymethylglycinato li gand, those on the dihydroxy 
oxygens 0(3) and 0(4) , and those on t he water oxygens 0(5) . Acceptors 
i n thi s comp l ex are the Cl atoms of t he ZnC1 4 anion, th e carbony l 
oxygen of th e chelate , 0(2) , and the water oxygens 0(5) and 0(6) . 
The hydrogen bondi ng interactions are l isted in Table 5 . 2 . 6 . The 
active hydrogens in the penici lloic acid complex are t hose on the 
tren nitrogens N(2)- (4) , the coordinated nitrogen (5) and the 
secondary amine nitrogen of the th iazo l idi ne ring, (6) . Since 
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hydrogen atom positions on the water oxygen atoms 0(9)-0(11) could 
not be determined, the hydrogen bonding network is probably more 
complex than is outlined in Figure 5 . 2 . 4 . Acceptors in this complex 
include th e oxygen of the perchlorate 0(7), the water oxygens 0(9) 
and 0(10) and the coordinated (0(2)) and thiazolidine (0(4)) carbonyl 
oxygens of the two carboxylate moieties of the penicilloic acid 
ligand. 
APPE DIX A 
Spectrophotometric Determinations of Keq for 
A and 6 [Co (en) (s ulph enarnid e) ] 2+ Species. 
1 . Visible Spectra: Spectra of standard pure samples of A(R) and 
6(S) isomers were determined and molar extinctions £A and £6 
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- 1 - I calculated at two wavelengths A1 and A2 to yield values (M cm ) for 
A1 A2 A1 A2 
£A , £A and £6 and £6 . 
Samples of the pure A(R) or 6(S) complexes were equilibrated at 
the required pH value for lOtk , acid quenched, and their visible 
2 
spectra measured . Absorbance values AA 1 and AA 2 were determined at 
two wavelengths, A1 and A2 for each isomer and the following procedure 
applied to derive the equilibrium concentrations of the two isomers: 
A1 
= £A [CA) A1 + £6 [C6) 
).. 
= £/\ [CA) + A2 £6 [C] 
Multiplying [Al] by A2 A1 £A /£A 
[Al] 
[A2) 
(=£) yie lds A AA1£ = £A 2[CA] + 
A1 
subtracting [A3) from [A2) gives an expression £6 [C6) £ [A3] and 
[C6) as follows: 
A A1 AA2 - AA1E = E6 2[C6) - £6 [C6) E 
A2 A1 
= [C6) (E6 - £6 E) 
A2 A1 [C6) = (E:6 - £6 £)/(AA2 
- AA1£) [A4] 
for 
Substituting [A4) in expression [A3) subsequently leads to a value 
for [CA) and Keq ([C6): [CA)). 
2 . ORD Spectra: The following procedure provided a second and 
independent method for the calculation of Keq. The spectra of the 
pure A(R) and 6(5) samp les were determined and wavelengths sought where 
the rotation of one pure isomer was zero, while a sizable rotation 
existed at this wavelength for the other isomer. Thus for the 
AI A isomer, a wavelength >-1 is found where aA = 0, and 
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A I 
aA is determined from the spectrum . Then a wavelength A2 was found 
>-2 Az 
where a6 = 0, and a value a A determined from the spectrum . 
>. >. 
Since [M]T = aT x P/C x 10 -1 - I deg I cm , 
where P = the ce l l pathlength in decimetres 
C = concentration of solution ( I) 
A 1 A2 
values of [M6]T and [MA]T are now determined . 
Pure samples of A(R) and 6(5) isomers were now equilibrated at 
the required pH value for longer than lStk and quenched. The ORD 
2 
spectra ~ere observed and rotations at A1 and >- 2 determined . The 
rotation at >-1 is due entirely to the presence of the 6 (s) isomer, 
A1 
A2 since aA = 0,and similarly the rotation at is due entirely to 
the concentration of A (R) isomer present in A2 solution, since a6 = 0. 
Rearranging [AS] leads to 
>. >. C =- [ 1]T/10mP [A6] 
from which [A(R)] and [6(5)] at equilibrium can be simply calculated . 
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APPENDIX B 
Derivation of SNlCB Rate Law for Mutarotation 
of the [Co(en)2sulphenamide] 2+ Complexes 
The mode l chosen assumes a fast deprotonation pre-equilibrium, 
followed by an inversion process which is rate determining: 
Now -~[A~(~R~)~-]~~ 
[A(R)H] [OW] 
This leads to the rate expression 
d 
cit [l:i(S)ll]obs 
k . 
_ ..;;,i .- [L:i(S)H] 
= k [A(R)H] [OIi-] 
eq 
= k . . K [A(R)H][OH-] 
1 eq 
ow [L:i(S)II] b = [A(R)I-I] + [A(R)-] 
0 S 
hence d dt [l:i(S)H]obs k b [A (R) II] (l + K (OH-]) from (B2) o s eq 
So kobs = k . . K [011-]/(l + K (011-]) from (83) and (84) 
1 eq eq 
There are two limiting cases: 
(Bl) 
(82) 
(83) 
(84) 
(BS) 
APPE DIX C 
Determination of Cell Dimensions Using the 
Phil l ips PWll00/20 Four Circle Diffractometer 
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Twenty five reflections are found and centred using the PWll00 
Peak Hunting program 331 • While this program is running the diffracto-
meter is a l ways in the symmetrical setting (w=6). ~ scans are made 
continuously , osci l lating between specified maximum and minimum values . 
At t he end of each~ scan Xis changed by 6X = U /2sin6, where U is 
V V 
the size ( 0 ) of the vertical aperture at the detector. When X reaches 
its specified maximum value , 26 is changed by a value 626 = u11 where 
Uh is the size ( 0 ) of the horizontal aperture . Counts are accumulated 
every 0 . 25° and the scalar is read out and compared with the preset 
discrimination level . If the accumulated counts exceed the discrimin-
ation level, the maximum in~ is determined and the peak is centred 
automatically as follows: 
A measurement is made with the detector open, until more than 
100 counts are accumula t ed: the test level is half this number of 
counts . 
The right half shutter is closed and the 26 setting varied until 
the test l evel is reached, then the right half shutter is opened . 
The top half shutter is closed and the same procedure carried 
out for the x se t ting . 
w is se t a t 26/2 , ~ at ~+6~ and X at x+6x , where 
tan6~ = -sin6w/sin((90°+x)-(V/2sin6)) 
6x = (-V/2 in6)-6w.tan(6p/2) . cos((90°+x)-(V/2sin6)) 
V = the vertical b am correction 
Five open detector measurements are made at the maximum of wand 
the maximum is calcu l at ed by parabolic fit, then the process is repea t ed 
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using sma ll er s t eps . The vec tors between th e 25 peaks found in this 
manner are used to determine the orientat ion matrix of the crysta l 
on the diffractometer goniome t er and also the unit ce ll dimensions, 
which are then refined 305 • 
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